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Aging is a physiological process associated with decreased mental abilities but also 
declining muscle function, posture and balance (Camicioli, Panzer, & Kaye, 1997; 
Charlier, Mertens, Lefevre, & Thomis, 2015; Lord & Ward, 1994; Murman, 2015). 
Consequently, every third elderly person above 60 falls at least once per year, greatly 
affecting quality of life and independence (Fuller, 2000). Body posture, gait and balance 
can be improved by physical activity (Cadore, Rodríguez-Mañas, Sinclair, & Izquierdo, 
2013; Gauchard, Gangloff, Jeandel, & Perrin, 2003; King et al., 2002; Lelard & Ahmaidi, 
2015; Ruffieux, Mouthon, Keller, Walchli, & Taube, 2017). However, it is not at all 
understood why and how exercise improves balance function because the 
neuropathological mechanisms underlying age-associated balance disorders are not well 
understood.  
Two main sensory system complement each other in guiding proper balance: The 
vestibular system, residing in the inner ear, monitors gravitational forces while the 
proprioceptive system tracks the velocity and force of the muscle movement. Motor 
neurons, responsible for initiating muscle contractions, receive monosynaptic feedback 
from both sensory system. Thus, direct and functional vestibular and proprioceptive 
feedback to motor neurons are indispensable for proper balance (Angelaki & Cullen, 
2008; Proske & Gandevia, 2012). It is already well understood that the neuromuscular 
system experiences age-associated changes affecting muscle mass and force and that 
exercise is beneficial to counteract aging (Pearson et al., 2002; Valdez et al., 2010; 
Verdijk et al., 2009; White et al., 2016). However, a comprehensive overview about 





in aging is so far lacking. Furthermore, the effects of exercise on vestibular and 
proprioceptive spinal circuits in aging are also unknown. 
Here, we used anterograde and retrograde neuronal and synaptic tracing approaches 
combined with balance and gait phenotypic assessment of aged exercised mice to relate 
declining balance to alterations in the morphology and synaptic networks of the 
proprioceptive and vestibular system. To that end, mice of different ages were trained for 
6 to 12 weeks on treadmill and running wheels.  
In Fig. 1 the main findings of the study are graphically summarized.  
As expected from epidemiological studies done in humans, balance and gait of aged 
exercised mice was superior to aged sedentary mice, for some parameters statistically 
indistinguishable from 7-month-old control mice. These results show that exercise done 
late in life is sufficient to substantially improve balance and gait in aged mice. 
Interestingly, loss of balance with age was accompanied by morphological changes on 
the level of muscle spindles concomitant with decreased proprioceptive input to motor 
neurons. However, we did not observe any improvement in muscle spindle morphology 
or proprioceptive input to motor neurons with training, showing that exercise likely does 
not modulate the proprioceptive system. Since also the vestibular system is crucial for 
maintaining balance, we next asked if the improvements in gait and balance in response 
to exercise could be mediated by the vestibular system. Interestingly, vestibular input to 
motor neurons in aged mice was substantially decreased even more than the 





main driver for age-associated loss of balance. Strikingly, vestibular input to motor 
neurons in aged exercised mice was significantly higher than in aged sedentary mice, 
strongly indicating that balance improvement in response to exercise is due to increased 
vestibular input to motor neurons. 
The mechanism of increased vestibular synapses on the level of motor neurons due to 
exercise is unknown, but could involve neurotrophic-factor-induced axonal sprouting. 





Interestingly, exercise improves recovery from spinal cord injury by promoting axonal 
sprouting and synapse formation and elevates neurotrophic factors, able to induce 
synapses formation and axonal sprouting, in the spinal cord (English, Wilhelm, & Ward, 
2014; Gomez-Pinilla, Ying, Opazo, Roy, & Edgerton, 2001; Houle & Cote, 2013; 
Molteni, Zheng, Ying, Gomez-Pinilla, & Twiss, 2004; Sakuma & Yamaguchi, 2011).  
Therefore, we propose that exercise elevates synaptic vestibular input to motor neurons 
by releasing neurotrophic factors promoting axonal sprouting and synapse formation in 
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3.1 Hallmarks of aging 
Aging can be defined as a gradual degeneration of function, which increases mortality 
after maturation. As such, many do not consider it as a diseased state but as natural 
process (Callahan, Topinkova, & Aging, 1998; Hayflick, 2007). However, old age 
increases the vulnerability to other diseases such as Alzheimer’s and Parkinson’s (Burns 
& Zaudig, 2002; Collier, Kanaan, & Kordower, 2011). Considering that the age 
population above 60 is the fastest growing population (World population aging 2015, 
United Nations), studying age-related disease will become vitally important.  
3.1.1 Molecular mechanisms of aging 
Why does the cell age? This question has so far not been fully answered. Nevertheless, 
Fig. 2 summarizes the most prominent factors involved in the aetiology of aging. On a 
cellular level, the aging cell accumulates damage on the DNA and epigenetic alterations 
Fig. 2: The molecular mechanisms of aging 





occur more frequently, leading, among other factors, to increased DNA instability. In 
addition, telomere length shortening has also been linked to decreased life span in yeast 
(Pusceddu et al., 2015; Xie et al., 2015). With increasing age, also mitochondrial DNA 
becomes more unstable, leading to damaged mitochondria and increased release of 
reactive oxygen species, exacerbating DNA and protein instability. Ultimately, the 
accumulated damage on DNA, proteins and membrane lipids leads to the loss of the cell’s 
function and to a senescent state of the cell in which it can no longer divided. Stem cell 
exhaustion and altered intercellular communication in turn lead to a loss of regenerative 
capacity of organs further exacerbating loss of function (Aunan et al., 2016). Cause and 
consequence in the molecular aging mechanism remains enigmatic. Moreover, it is not 
understood why some organs are more susceptible to aging than others are.  
3.1.2 Aging of the nervous system 
Overall, the whole nervous system experiences deterioration of neurons, glia and synaptic 
remodelling, impacting on important physiological functions. However, it seems that not 
all brain regions age at a same rate (Coleman & Flood, 1987). As we age, the brain volume 
decreases by 5% every decade (Svennerholm, Bostrom, & Jungbjer, 1997) and further 
drops after the age of 70 years of age (Scahill et al., 2003). Concomitant with decreased 
brain volume, cognitive functions, memory and learning ability decline (Li & 
Lindenberger, 2002; Murman, 2015; Peters, 2006). Indeed, decreased dopamine levels in 
the aging brain have been implicated in decreased mental and motor abilities (Nora D. 
Volkow et al., 1998). Fig. 3 summarizes age-associated functional deteriorations in 
regions within the CNS and the neuromuscular system. In addition to declining brain 
volume, aging leads to a loss of motor neurons in the spinal cord (Cruz-Sanchez, Moral, 





the amplitude of excitatory postsynaptic potentials (EPSP) in spinal motor neurons in 
aging humans (Eisen, Entezari-Taher, & Stewart, 1996). Correlating, the number of 
myelinated fibres in the corticospinal tract have been shown to progressively decrease 
with age (Terao, Sobue, Hashizume, Shimada, & Mitsuma, 1994), further indicating a 
loss in conduction velocity. However, studies done in rodents suggest that the loss of 
motor neurons is comparatively small compared to the observed changes on the synaptic 
distribution on the dendritic tree. While no loss of motor neurons or size of motor neurons 
was observed in aged mice and monkeys, vesicular glutamate transporter (vGlut) 1 and 
vesicular acetylcholine transporter (VAChT) synapses on motor neurons were decreased 
(Maxwell et al., 2018). 
Moreover, motor units also experience age-associated remodelling (Roos, Rice, & 
Vandervoort, 1997). While the overall number of motor units decrease with age, the size 
of individual motor units increase with age (S. M. Ling, Conwit, Ferrucci, & Metter, 
Fig. 3: Aging of the nervous system 





2009). Increased motor unit size could represent a compensatory response in order to cope 
with loss of force in aging muscle (see Chapter 3.1.3 Sarcopenia). Aging is also associated 
with a decreased motor and sensory conduction velocity (Dorfman & Bosley, 1979), 
which is probably linked to the loss of myelination in motor and sensory axons (Verdu, 
Ceballos, Vilches, & Navarro, 2000).  
In addition to altered conduction velocity, studies done in animal models indicate that the 
neuromuscular junction (NMJ), the synapses between motor neuron endplate and α-motor 
neuron, experiences morphological changes with age, including increased presynaptic 
branching, postsynaptic NMJ fragmentation, a reduction in the coupling of the 
presynaptic vesicles and postsynaptic receptors and denervation and subsequent 
reinnervation (Valdez et al., 2010). Thus, it is believed that the aging NMJ becomes less 
stable with increasing age, which leads to impaired neuromuscular transmission (Hunter, 
Pereira, & Keenan, 2016; Jang & Van Remmen, 2011). However, questions have been 
raised if the aging rodent NMJ is an adequate model to represent the human NMJ. A 
recent report showed that the human NMJ is substantially smaller and more fragmented 
than the mouse NMJ. Furthermore, as opposed to the mouse NMJ the human one did not 
show any morphological remodelling with age (Jones et al., 2017). 
Nevertheless, morphological changes on the level of the neuromuscular system, such as 
remodelling of the motor unit size, and decreased conduction velocity represent a 
common aging mechanism between rodent and humans. These changes with age are most 






Sarcopenia was defined as the age-related loss of muscle mass when it has been first 
coined by Irwin H. Rosenberg 20 years ago (Rosenberg, 1997). Since then the term 
sarcopenia has been expanded to also refer to the combined loss of muscle mass and 
function (Cooper et al., 2012). As illustrated in Fig. 4, elderly humans progressively loose 
muscle thigh area (Janssen, Heymsfield, Wang, & Ross, 2000) and muscle mass (Charlier 
et al., 2015) with age. However, the loss of muscle function is suggested to be greater 
than the actual loss of muscle mass (Narici & Maffulli, 2010; Young, Stokes, & Crowe, 
1985), highlighting that deterioration of muscle mass and function do not seem to be 
proportional. The prevalence of sarcopenia has been reported to be 13-24% in persons 
between 60 to 70 years of age and in people aged over 80 years, the prevalence increases 
to over 50% (Baumgartner et al., 1998). However, considering that the age group above 
Fig. 4: Loss of muscle mass with age 





60 is the fastest growing population (World population aging 2015, United Nations) these 
numbers probably are increasing. 
In addition to decreased size, the aging muscle experiences changes on a morphological, 
molecular, and functional level. Overall, there is a loss of muscle fibres and decreased 
fibre size as well as a fibre type grouping (Lexell, Henriksson-Larsen, Winblad, & 
Sjostrom, 1983) with a preferential loss of fast-twitch type II fibres in rodents (Caccia, 
Harris, & Johnson, 1979) and humans (Lexell, 1995), leading to decreased force and 
oxidative capacity (M. R. Deschenes, 2004). The underlying changes in metabolism are 
many fold. They include the deregulation of muscle proteostasis and nutrient sensing as 
well as lower ATP synthesis in the mitochondria (Ghosh et al., 2011; Short et al., 2005). 
In particular, a reduced mitochondrial enzyme activity (Rooyackers, Adey, Ades, & Nair, 
1996) as well as increased release of reactive oxygen species (Bejma & Ji, 1999) 
exacerbate loss of muscle function (Fulle et al., 2004). Moreover, the loss of satellite cells 
proliferation and activation and thus the loss of regenerative potential lead to a net loss of 
muscle mass (Conboy & Rando, 2005). It is still unclear if the loss of muscle mass is the 
cause or consequence of altered NMJ morphology, motor unit size and the denervation 
of NMJs. However, some studies done in rodents detected early neurological changes 
before the onset of muscle mass loss (Tamaki, Hirata, & Uchiyama, 2014; Valdez et al., 
2010). Therefore, these findings would suggest that denervation and subsequent 
reinnervation could lead to the depletion of satellite cells and decreased regenerative 
capacity resulting in a net loss of muscle mass. Conversely, reduced mitochondrial 





3.1.4 Exercise as a therapeutic intervention 
The ability of the muscle to contract is at the core of every movement. Skeletal muscle 
fragility due to aging impinges greatly on the quality of life in affected people and on 
health life span (Sayer et al., 2008). Therefore, it is crucial to maintain healthy muscle 
function throughout life.  
One powerful way to maintain and extend health life span represents physical activity 
(Harridge & Lazarus, 2017). It was reported that resistance exercise could slow down the 
rate of strength decay in men (Pearson et al., 2002) and women (Caserotti, Aagaard, 
Larsen, & Puggaard, 2008). In addition, 12 weeks of resistance training improved muscle 
mass and increased satellite cell activation in elderly males (Verdijk et al., 2009).  
On the other hand, 8 weeks endurance training improved ATP synthesis rate and 
increased mitochondrial enzyme activity in elderly people (Ghosh et al., 2011). Old rats 
with life-long access to running wheels exhibited higher muscle fibre cross-sectional are 
(CSA) and decreased amount of infiltrated connective tissue in-between muscle fibres 
than sedentary aged-matched controls. Consistently, in mice, 8 weeks of running wheel 
access ameliorated the age-associated fibre type shift (Graber, Ferguson-Stegall, Liu, & 
Thompson, 2015). In addition, one month of running wheel access in old mice improved 
NMJ morphology compared to sedentary mice (Valdez et al., 2010). Strikingly, 
endurance exercise did not only prevent NMJ degeneration but it also partially restored 
alterations on the level of the NMJ that had already occurred (Valdez et al., 2010). These 






However, aside from its effect on the muscle, exercise also acts in a systemic way. It is 
known that the contracting muscle can release myokines, such as irisin, and the 
neurotrophin brain-derived neurotrophic factor (BDNF) (see 3.1.5 Neurotrophic factors 
and aging) exerting many different effects (Schnyder & Handschin, 2015). Irisin has been 
shown to lead to adipose tissue browning and increased thermogenesis (Bostrom et al., 
2012). Furthermore, BDNF levels are increased in the hippocampus after two days of 
running wheels access (Oliff, Berchtold, Isackson, & Cotman, 1998). Strikingly, long-
term running wheel access in aged mice increased neurogenesis in the hippocampus and 
improved memory. Concomitantly BDNF was higher in aged exercised mice than 
sedentary mice, suggesting that higher BDNF level due to exercise improved memory 
function (van Praag, Shubert, Zhao, & Gage, 2005).  
In sum, exercise is a powerful treatment strategy to counteract aging. However, it is highly 
depending on the patient’s compliance. Especially elderly people tend to exercise less 
(Heath & Stuart, 2002; Hughes, Salmon, Galvin, Casey, & Clifford, 2018) exacerbating 
progression of the aging process (Booth, Laye, & Roberts, 2011; Dogra & Stathokostas, 
2012). Thus, there is a need to study the effect of exercise on the aging body to implement 
targeted pharmacological interventions. 
3.1.5 Neurotrophic factors and aging 
The family of neurotrophins include BDNF, neurotrophin (NT) 3 and 4. They are needed 
for neuronal development and survival, as well as synaptic plasticity and promote 
neuronal survival by binding to tyrosine kinase receptor (Trk) A, B and C (Huang & 
Reichardt, 2001). In addition, there are other neurotrophic factors, like glia-derived 
growth factor (GDNF) and ciliary neurotrophic factor (CNTF), which promote axonal 





neurotrophic factor ligands and their receptors. Because these factors are crucial for 
neuronal and axonal development as well as for neuronal survival, it is not surprising that 
neurotrophic signalling in the neuromuscular system is deregulated in old age. In aged 
rodents, BDNF, NT3 and NT4 are downregulated (Y. Ming, Bergman, Edstrom, & 
Ulfhake, 1999b), while GDNF is upregulated in muscle (Y. Ming, Bergman, Edstrom, & 
Ulfhake, 1999a). Consistently, levels of TrkA and C are also lower. However, in motor 
neurons, NT3, NT4 and GDNF are upregulated while BDNF and CNTF are 
downregulated. Moreover, in the sciatic nerve BDNF, NT3, NT4, GDNF and CNTF are 
increased in aged animals compared to young (Guillet, Auguste, Mayo, Kreher, & 
Gascan, 1999; Ulfhake et al., 2000). Consistent with these findings, whole body knock 
out of NT4 and reduced levels of TrkB in mice lead to a fragmented and instable NMJ 
reminiscent of the aging NMJ (Kulakowski, Parker, & Personius, 2011). These findings 
suggest that deregulated neurotrophic factors likely contribute the progression of 
sarcopenia. However, it is unclear if altered neurotrophic signalling with age is the cause 
or consequence of motor axon denervation and reinnervation. Interestingly, increased 
levels of BDNF (Cuppini et al., 2007), NT4 (Funakoshi et al., 1995) and GDNF 
(McCullough, Peplinski, Kinnell, & Spitsbergen, 2011) in the muscle have been 
suggested to be promoted by electrical activity and exercise. Moreover, neurotrophic 
factors have been implicated in regeneration of muscle fibres (Sakuma & Yamaguchi, 






In sum, the central, peripheral and the neuromuscular nervous system show signs of age-
related degeneration that translate to a functional decline. Exercise can ameliorate loss of 
muscle strength and can improve oxidative capacity. Moreover, neuromuscular activity 
could release neurotrophic factors that have been suggested to be beneficial to counteract 
age-associated degeneration of muscle fibres and NMJ integrity.  
 
  
Fig. 5: Neurotrophic factors and their receptors 





3.2 The proprioceptive system 
Aside from a loss in muscle function, elderly humans also experience a declining sense 
of balance and proprioception (Lei & Wang, 2018; Lord & Ward, 1994). Proprioception 
is the inherent sense of the relative position of one's own limbs and their location in space. 
Thus, without visual cues, our senses are able to estimate the location of limbs in time 
and space and at what angle they are positioned (Kandel Eric R., 2012 Principles of 
Neural Science). Decreased proprioception in the elderly population is reflected in the 
very high incidence of falls in this age group (Fuller, 2000; Rubenstein, 2006). 
Statistically, more than 10 % of elderly people older than 75 years will fall within the 
next 6 months (Franse et al., 2017). Therefore, it is important to study the age-associated 
changes in the sensory systems, and their impact on decreased balance. In order to guide 
proper balance, sensory information from vision, touch, proprioception as well as 
vestibular system are integrated (see 3.3 The vestibular system) (Bacsi & Colebatch, 
2005; Sturnieks, George, & Lord, 2008).  
3.2.1 The proprioceptive receptors 
The term proprioception has first been coined by Charles Sherrington, the same ingenious 
biologist who also defined the term synapse (Sherrington, 1907). The proprioceptive 
system consist of the muscle spindle receptor, located in the muscle, the Golgi tendon 
Fig. 6: the structure of the muscle spindle 





organs within the tendon, as well as specialized joint and skin receptors. The muscle 
spindle is composed of an encapsulated structure containing specialized muscle spindle 
fibres, also termed intrafusal fibres. Intrafusal fibres run in parallel to and in-between 
extrafusal fibres (Proske & Gandevia, 2012). However, intrafusal fibres are about ten 
times smaller than extrafusal muscle fibres and express other myosin heavy chain (MHC) 
isoforms such as slow tonic and α cardiac‐like MHC (Soukup, Pedrosa-Domellof, & 
Thornell, 1995). There are three types of intrafusal fibres, which were classified according 
to their appearance and function. Nuclear bag1 fibres are innervated by dynamic γ motor 
axons, while nuclear bag2 fibres and nuclear chain fibres are innervated by static γ motor 
axons as well as by Type II secondary sensory axons terminating on muscle spindle poles. 
Fig. 7: Axon Classification, Axon Diameter, Receptor Types, and Function 





The central region of the muscle spindle, nuclear chain fibres and nuclear bag2 fibres are 
innervated by proprioceptive sensory neurons, also termed primary Ia endings. The 
peripheral projecting sensory axon is wrapped in a regular manner around intrafusal fibres 
and forms intrafusal fibres sensory coils (Fig. 6) (Proske & Gandevia, 2012). γ-motor 
axons form cholinergic synapses at the pole of intrafusal fibres (Zhang, Wesolowski, 
Karakatsani, Witzemann, & Kroger, 2014). On the other hand, both the centrally 
projecting and peripheral projecting branch of the Ia sensory axon form vGlut1 positive 
synapses. Thus, vGlut1 positive synapses in contact with motor neurons is used as a 
marker for proprioceptive synapses (Basaldella, Takeoka, Sigrist, & Arber, 2015; de 
Nooij, Doobar, & Jessell, 2013; Wu et al., 2004) 
The Golgi tendon organ in the myo-tendinous junction is also encapsulated and 
innervated by primary type Ib sensory axons (Jami, 1992). Fig. 7 shows an overview of 
the different sensory axons and their classification and functions. While the Golgi tendon 
organ, monitoring muscle tension, fire when the muscle is contracted and relaxed, the 
muscle spindle receptor is mainly responsive to stretch. Thus, muscle spindle monitor 
muscle length over time while the Golgi tendon organ sense the strength of the muscle 
contraction (Shaffer & Harrison, 2007). How this mechanotransduction is achieved is still 
not completely understood. It is believed that the stretch or the contraction of the muscle 
activates mechano-sensitive ion channels in the sensory axons of type Ia and Ib endings, 
leading to the generation of an action potential that is propagated directly to motor 
neurons (see 3.2.2 The proprioceptive spinal circuits) (Bewick & Banks, 2015; Bewick, 
Reid, Richardson, & Banks, 2005). In line with this theory, the principal component of 
the mechanotransduction channel in proprioception has been proposed to be Pizeo2, a 





sensory neurons displayed abnormal movements and ataxia. Concomitantly, stretch-
induced firing of proprioceptive sensory neurons in muscle nerve recordings was 
markedly reduced in Piezo2 KO mice, suggesting that Piezo2 mitigates 
mechanotransduction in proprioceptors (Woo et al., 2015).  
3.2.2 The proprioceptive spinal circuits 
Sensory neurons have no dendrites but one bifurcating axons, one projecting to the 
periphery, in this case the proprioceptors, and one projecting centrally to connect to other 
neurons, such as motor neurons in this example. The sensory neuron cell bodies are 
located in dorsal root ganglia (DRG) that are part of the spinal nerve. The main tasks of 
the proprioceptive sensory is to relay sensory information from the muscle directly to 
motor neurons, ensuring that adequate muscle tone and length is maintained at all times. 
Fig. 8: The spinal circuits involved in proprioception 





The most prominent example of proprioceptive reflexes is the stretch reflex, which is 
activated when the muscle is stretched, leading to firing of the muscle spindle (Kandel 
Eric R., 2012 Principles of Neural Science). Type Ia sensory axons project directly to 
motor neurons of the homonymous muscle but also to type Ia inhibitory interneurons, 
located near to motor neurons. Inhibitory Ia interneurons connect to motor neurons of the 
antagonistic muscle, thereby inhibiting motor neuron firing (Fig. 8) (Windhorst, 2007). 
Thus, activity of the muscle spindle in response to muscle stretch leads to contraction of 
the same muscle while the antagonistic muscle is relaxed, enabling targeted muscle 
activation (Windhorst, 2007). The most famous example of the stretch reflex activity is 
the knee jerk reaction. Tapping with a hammer on the patella tendon stretches the 
quadriceps muscle, activating muscle spindle firing. Consequently, motor neurons of the 
quadriceps muscle fire, leading to contraction of the quadriceps muscle and extension of 
the leg (Kandel Eric R., 2012 Principles of Neural Science). 
When the muscle contracts, sensory information from the Golgi tendon organ is processed 
via type Ib interneurons (Jami, 1992). At the same time as α- motor neurons, γ-motor 
neurons are also activated, leading to contraction of intrafusal fibres, a process that is 
termed α-γ-coactivation (Macefield & Knellwolf, 2018; Vallbo, 1971). The main function 
of γ-motor neurons, as far as is known, is to contract intrafusal fibres to ensure that they 
do not slacken. Therefore, γ-motor neurons regulate the sensitivity or the gain of muscle 
spindle firing and are important to modulate spinal circuits (Dimitriou, 2014; Macefield 
& Knellwolf, 2018). γ-motor neurons are considerably smaller than α-motor neurons 
(Moschovakis, Burke, & Fyffe, 1991). However, compared to the wealth of knowledge 
available about α-motor neuron, little is known about γ-motor neurons, partly because of 





been suggested that these two motor neuron subtypes could be transcriptionally 
distinguished. It has been found that γ-motor neurons express the transcription factor Err3 
and are negative for neuronal marker (NeuN) (Friese et al., 2009). Knowing about 
transcriptional identity of γ-motor neurons will enable us to specifically ablate this 
neuronal population to find out more about the function of γ-motor neurons. 
To add another layer of complexity to spinal circuits, Renshaw cells, inhibitory 
interneurons, project to Ia inhibitory interneurons. In turn, Renshaw cells receive input 
from, type II sensory neuron, from muscle spindles, descending pathways from the 
corticospinal tract, as well as excitatory input from homonymous α-motor neurons 
(Rosales & Dressler, 2010; Windhorst, 2007). Moreover, other higher-level brain regions, 
such as the vestibular system, also project to interneurons (Murray, Croce, Belton, Akay, 
& Jessell, 2018). Therefore, the proprioceptive spinal circuits are not only needed for 
involuntary reflex actions but also for targeted movements, motor coordination and 
balance (Akay, Tourtellotte, Arber, & Jessell, 2014; Macefield & Knellwolf, 2018; 
Windhorst, 2007). 
3.2.3 Development of the muscle spindle 
Like extrafusal fibres, intrafusal fibres originate from primary and secondary myotubes. 
During development, some myotubes are contacted by proprioceptive sensory neurons, 
which upregulates transcription factors promoting muscle spindle development (Walro & 
Kucera, 1999). For intrafusal fibre development, innervation by the sensory neuron is 
absolutely necessary but innervation from γ-motor neurons seems to be dispensable 
(Kucera & Walro, 1992). Interestingly, intrafusal innervation of γ-motor axons has been 
shown to be dependent on GDNF signalling. Decreased amount of GDNF lead to fewer 





to more γ-motor axons innervation (Gould, Yonemura, Oppenheim, Ohmori, & Enomoto, 
2008; Whitehead, Keller-Peck, Kucera, & Tourtellotte, 2005).  
Furthermore, type Ia sensory axons in contact with myotubes release neuregulin 1 (Ngr1), 
which upregulates transcription factor programs promoting muscle spindle 
morphogenesis, such as the transcriptional regulator early growth response 3 (Egr3) 
(Hippenmeyer et al., 2002). Consistently, this process has been shown to be dependent 
on functional epidermal growth factor 2 (E rB2) receptor signalling in myotubes (Leu et 
al., 2003).  
Moreover, mice deficient for NT3 show abnormal movements because they lack muscle 
spindles, showing that NT3 is needed for muscle spindle development (P. Ernfors, Lee, 
Kucera, & Jaenisch, 1994). Indeed, overexpressing NT3 in skeletal muscle promoted the 
formation of more muscle spindles. Consistently, re-expressing NT3 in developing 
skeletal muscle of mice lacking NT3 was sufficient to restore muscle spindle formation 
(Wright, Zhou, Kucera, & Snider, 1997), suggesting that muscle derived NT3 is necessary 
for muscle spindle development. However, it has been suggested, that intrafusal fibres 
derived NT3 might not be important for initial muscle spindle formation. Instead, it was 
proposed that intrafusal fibre-derived NT3 was needed to regulate the strength of muscle 
spindle connections with motor neurons (Gorokhova, Gaillard, & Gascon, 2009; 
Shneider, Mentis, Schustak, & O'Donovan, 2009).  
In addition to its function for muscle spindle development, NT3 signalling has also been 
implicated in the muscle spindle fibre repair process. Intramuscular supplementation or 
muscle specific overexpression of NT3 protected the muscle spindle from crush injury 





Williams, McDonald, Carlsten, & Taylor, 2002). Consistently, NT3 transcripts levels in 
intrafusal fibres decreased when the muscle was denervated. Subsequent re-innervation 
of the muscle spindles by type Ia sensory axons restored NT3 levels (Copray & Brouwer, 
1997). These experiments suggest that NT3 also has an important role in muscle spindle 
repair. This begs the question, if NT3 is also needed for muscle spindle maintenance. So 
far, this question has not been addressed (Gorokhova et al., 2009) 
Mice deficient in skeletal muscle Egr3 exhibited balance difficulties. Muscle spindle from 
these mice showed that they had normal type Ia innervation but their muscle spindles 
were non-functional, indicating that Egr3 is dispensable for Ia axon guidance but is 
needed for muscle spindle maturation (Oliveira Fernandes & Tourtellotte, 2015).  
How the proprioceptive sensory neurons finds its target myotubes and how this is 
regulated is still not completely understood. It has been suggested that signals from the 
developing limb mesenchyme and a specific expression pattern in the DRG guide 
proprioceptive sensory axons to the limbs to contact myotubes (Poliak, Norovich, 
Yamagata, Sanes, & Jessell, 2016). Moreover, proprioceptive sensory axons of mice 
deficient in Runt-related genes 3 (Runx3) failed to connect to muscle spindles and motor 
neurons, suggesting that Runx3 is also needed for proprioceptive axon guidance (Inoue 
et al., 2002). 
In sum, intrafusal fibre development depends on Ia sensory axon innervation leading to 
the induction of NT3 and Nrg1 and ErB2 signalling promoting muscle spindle maturation.  
3.2.4 Diseases affecting proprioceptive feedback 
In neurodegenerative diseases such as spinal muscular atrophy (SMA) and amyotrophic 





(Messina, 2018; Yedavalli, Patil, & Shah, 2018). However, evidence from mouse models 
suggest that these diseases affect not only motor neurons, but also proprioceptive sensory 
neurons. ALS mutant mice showed signs of degenerated Ia/II proprioceptive nerve 
endings in muscle spindles even before disease onset. In addition, they observed reduced 
amount of proprioceptive synapses on motor neurons in ALS mutant mice (Vaughan, 
Kemp, Hatzipetros, Vieira, & Valdez, 2015). Similarly, SMA model mice also displayed 
a reduced amount of proprioceptive synapses on motor neurons and a loss of 
proprioceptive sensory neurons (K. K. Ling, Lin, Zingg, Feng, & Ko, 2010; Mentis et al., 
2011). Interestingly, muscle spindles also showed signs of muscle spindle degeneration 
very early in the disease progression (Mentis et al., 2011).  
Another neuromuscular disease leading to muscle weakness is Charcot-Marie-Tooth 
(CMT), a common genetic neuropathy affecting mainly Schwann cell development and 
peripheral axons. These patients suffer from decreased balance and ataxia, suggesting that 
proprioceptive sensory neurons could also be degenerated (Antonellis, Goldfarb, & 
Sivakumar, 1993; Saporta, 2014). Indeed, a mouse model of CMT showed a loss of 
muscle spindles and a high fraction of muscle spindles lacking sensory innervation 
(Sleigh et al., 2017). Moreover, it has been reported that before disease onset the muscle 
spindle diameter and volume was reduced in CMT mutant mice (Villalon et al., 2017).  
Strikingly, in rats one year after nerve injury and subsequent reinnervation, 
proprioceptive synapses on motor neurons were not restored even though motor 
innervation was re-established. Importantly, the loss of other synapse, such as vGlut2 
positive synapses, were restored after reinnervation (F. J. Alvarez et al., 2011), indicating 
that the selective loss of proprioceptive vGlut1+ synapses is likely responsible for the 





Cope, 2011). Taken together, these studies suggest that proprioceptive sensory neurons 
could be very vulnerable to disease and injury. 
Similar to neuromuscular diseases, old age is associated with a loss of muscle mass and 
function (see 3.1.3 Sarcopenia). However, with age also proprioception decreases (Butler, 
Lord, Rogers, & Fitzpatrick, 2008; Lord & Ward, 1994; Sturnieks et al., 2008), suggesting 
that old age likely affects the morphology of the muscle spindle. Indeed, several studies 
show that in elderly humans the muscle spindle exhibit age-associated changes, such as a 
thickening of the capsule, a decrease in muscle spindle volume as well as a loss of 
intrafusal fibres per muscle spindle (Kararizou, Manta, Kalfakis, & Vassilopoulos, 2005; 
Liu, Eriksson, Thornell, & Pedrosa-Domellof, 2005; Swash & Fox, 1972). Similarly, in 
aged rodents muscle spindle coils were unravel and showed signs of degeneration (Kim, 
Suzuki, & Kanda, 2007; Vaughan, Stanley, & Valdez, 2016) In addition, increased H-
reflex latency in elderly humans is consistent with morphological degeneration of muscle 
spindle suggesting decreased proprioceptive feedback in old age. (Kido, Tanaka, & Stein, 
2004). The H-reflex is measured by electrically stimulating the neve and then to measure 
the EMG response of the corresponding muscle. Because sensory neurons have a lower 
excitability threshold than motor axons, it is possible to separate the sensory axon 
response (H-wave) from the motor axon response (M-wave). Therefore, H-reflex latency 
is used to evaluate α-motor neuron excitability and is seen as analogous to the stretch 
reflex (see 3.2.2 The proprioceptive spinal circuits) (Palmieri, Ingersoll, & Hoffman, 
2004). Of note, by stimulating directly the sensory axons, the muscle spindle is effectively 
bypassed (Zehr, 2002). Thus, increased H-reflex latency with old age suggest that not 
only the muscles spindle degenerates but also its sensory afferent fibres. Indeed, sensory 





shown to decrease with age (Romanovsky, Mrak, & Dobretsov, 2015; Verdu et al., 2000). 
Studies done in animals further confirm that the conduction velocity of single afferent 
discharges from muscle spindles was lower in aged rats and that there was a loss of 
sensory neurons in the DRGs (Kim et al., 2007). Of note, conditional satellite cell 
depletion in skeletal muscle of adult mice lead to changes in gait, reduced running wheel 
activity, and loss of balance. Interestingly, muscle spindles from these mice exhibited 
increased capsular thickness and intrafusal fibre atrophy (Jackson et al., 2015) 
reminiscent of aged muscle spindles. These unexpected findings suggest a yet unexplored 
role of satellite cells in the regeneration of intrafusal fibres in the aging process.  
Taken together, evidence from humans and rodent studies suggest that proprioception is 
lower with old age because of degenerated muscle spindles and decreased conduction 
velocity of proprioceptive sensory neuron nerve fibres. However, the effects on age on 
the central synaptic spinal circuits that are involved in proprioception, balance and gait is 





3.3 The vestibular system 
The vestibular system is the sensory system contributing to the sense of balance and 
spatial orientation necessary for body posture, gait and balance (Angelaki & Cullen, 
2008). Similar to proprioception, vestibular function also decreases with age, 
exacerbating loss of balance in old age by increasing prevalence of vertigo and dizziness 
in the elderly (Eibling, 2018). Consequently, the incidence of falls in the elderly 
population is very high and fall-induced morbidity and mortality is increasing (Fuller, 
2000), emphasizing a need to study age-related vestibular dysfunction. 
3.3.1 Anatomy and function of the vestibular system 
The vestibular sensation is generated in the inner ear in the utricle, the saccule and the 
semicircular canals (Fig. 9). The utricle and saccule together constitute the otolithic 
organs. They are characterized by the presence of mechanosensitive type I and type II 
hair cells, covered by the otolithic membrane. Distributed over the otolithic membrane, 
Fig. 9: Anatomy of the vestibular sensory apparatus 





is the free-moving otoconia, consisting of calcium carbonate. When the head experiences 
linear acceleration, the otoconia mass moves within the membranous labyrinth, 
stimulating firing of type I and II sensory hair cells. On the other hand, the semicircular 
canals are filled with endolymph. Similar to the function of otoconia, when the head 
experiences angular acceleration, by e.g. tilting the head, endolymph fluids in the 
semicircular canals are disturbed, which is stimulating firing of sensory hair cells. Both 
sensory sensation generated form otolithic organs and semicircular canals are transmitted 
by the vestibular nerve to the vestibular nuclei located in the brainstem. The vestibular 
nerve, joining the auditory nerve to from the auditory vestibular nerve, consist of 
vestibular sensory afferents. Sensory neurons in the vestibular ganglion project 
peripherally to hair cells in the inner ear, and centrally to the vestibular nuclei, 
transmitting mechanosensitive information about angular and linear acceleration. The 
vestibular nuclei in turn project to sensory hair cells in the otolithic organs (Kandel Eric 
R., 2012 Principles of Neural Science). The function of these efferent fibres is not well 
understood. However, it has been suggested that they could be involved in the 
discrimination of passive versus active movements (Mathews, Camp, & Murray, 2017).  
The vestibular nuclear complex, located near to the IV ventricle in the brainstem, is 
composed of four anatomically separated nuclei: the medial, superior, lateral, and inferior 
vestibular nuclei (Fig. 10). The medial vestibular nucleus is the largest of the four and 
projects to motor neurons of extraocular muscles to coordinate the vestibular ocular reflex 
and to cervical motor neurons of axial muscles modulating head and neck motion. Jointly 
with the superior vestibular nucleus, the medial vestibular nucleus is responsible to 
coordinate the vestibular ocular reflex, which is crucial to stabilize the gaze while moving. 





ensuring that retinal images do not blur during the movement (Khan & Chang, 2013; 
Tascioglu, 2005). The inferior vestibular nucleus projects to the other vestibular nuclei 
and to the cerebellum (Khan & Chang, 2013).The lateral vestibular nucleus sends 
descending projections via the vestibular spinal tract to excite monosynapticly limb 
extensor motor neurons and to inhibit disynapticly flexor motor neurons (Basaldella et 
al., 2015; Liang, Bacskai, Watson, & Paxinos, 2014). It is believed that the main function 
of the lateral vestibular nuclei (LVe)is to project to the spinal neurons, contributing to 
postural reflexes, balance and gait (Andrew A. McCall, Miller, & Yates, 2017). 
Furthermore, it has recently been shown that the LVe project monosynapticly to type Ia 
inhibitory spinal interneurons (see 3.2.2 The proprioceptive spinal circuits), indicating a 
role for vestibular input to proprioceptive spinal circuits. How these vestibular projections 
are established during development is not at all well understood. However, gravity seems 
to play a major role. Interestingly, mice raised in hypergravity displayed a reduced input 
to lumbar moto neurons (Brocard, Clarac, & Vinay, 2003). Deletion of gravity sensing 
receptors in animal studies further confirmed that gravity most likely is an important 
factor for the development of the vestibular system (Jamon, 2014).  





For a long time, the existence of the spinovestibular tract, which sends projections from 
the lumbar spinal cord to the vestibular nuclei, has been overlooked and therefore the 
function of these projections remains elusive (Pompeiano, 1972). Interestingly, passive 
and active movements of limbs stimulates vestibular neuron firing in decerebrated and 
conscious cats (Arshian et al., 2014; Bankoul, Goto, Yates, & Wilson, 1995; A. A. 
McCall, Miller, DeMayo, Bourdages, & Yates, 2016). Furthermore, there is evidence that 
the LVe receives indirect input from neck proprioceptors (Sato, Ohkawa, Uchino, & 
Wilson, 1997). Combined, these findings might suggest that input from proprioceptors 
are involved in vestibular nuclei integration in response to limb movements, which could 
represent an important modulatory feedback. Indeed, the vestibular nuclei integrate 
different input from a variety of different brain regions, such as the cerebellum, 
oculomotor and cortical, as wells as sensorimotor areas (Cullen, 2016).  
Strikingly, aside from its classical involvement in balance, gait and posture, the vestibular 
system has also been implicated in the regulation of sleep/wake cycles (Besnard et al., 
2018), blood pressure (Mori, Cotter, Arendt, Olsheski, & Yates, 2005) or adipose tissue 
homeostasis (McGeoch, 2019), emphasizing that the vestibular contribution to basal 
bodily functions need to be investigated more.  
3.3.2 Vertigo and vestibular compensation 
Vertigo is a form of dizziness involving a spinning or swaying sensation leading to 
difficulties in walking. It is an episodic acute response caused by an unbalanced vestibular 
function that could have resulted from defects in the inner ear labyrinth, Ménière's 
disease, vestibular neuritis and labyrinthitis, or strokes (Whitman, 2018). Interestingly, 
loss of vestibular function can be partly compensated (Sjögren, Fransson, Karlberg, 





vestibular compensation is not well understood. A study done in monkeys showed that 
neck proprioceptors could substitute gaze stabilization after a complete loss of vestibular 
function (Sadeghi, Minor, & Cullen, 2012). In rats, complete labyrinthectomy increased 
hind limb input to vestibular neurons concomitantly with improvements in gait and 
posture (Andrew A. McCall, Moy, Puterbaugh, DeMayo, & Yates, 2013). Strikingly, in 
response to vestibular injury, neurogenesis in the vestibular nuclei was increased (Tighilet 
& Chabbert, 2019), suggesting that input from proprioceptors and potential neurogenesis 
could both contribute to vestibular compensation. 
3.3.3 Aging of the vestibular system 
In humans, vestibular dysfunction with age is often not diagnosed, in part because of low 
awareness in clinicians and because the underlying causes for loss of balance and 
dizziness with age are multifactorial including, muscular weakness, loss of proprioception 
and medication (Rubenstein, 2006). In fact, the incidence for benign paroxysmal 
positional vertigo (BPPV) in the elderly population is high (Oghalai, Manolidis, Barth, 
Stewart, & Jenkins, 2000). Nevertheless, it is believed that the gradual deterioration in 
vestibular function and not BPPV itself contributes to decreased balance in the elderly 
and high latency in the vestibular ocular reflex response (Aalto, Pyykkö, Juhola, & Jänttil, 
1997; Baloh, Jacobson, & Socotch, 1993; Kingma & van de Berg, 2016; Paige, 1992).  
Several studies done in humans and animals have shown that the vestibular system 
experiences morphological and functional age-associated degeneration (Brosel, Laub, 
Averdam, Bender, & Elstner, 2016). First, otoconia in the saccule and utricle (Saito, 
Mizukoshi, & Alford, 1993) decrease and a high percentage of mechanosensitive hair 
cells are lost with age (Rauch, Velazquez-Villasenor, Dimitri, & Merchant, 2001). 





degeneration (Ivan Lopez et al., 2005), suggesting that loss of hair cells is likely not the 
primary cause for decreased vestibular function. Second, the number of vestibular 
myelinated nerve fibres (Bergström, 1973) and the number of neurons in the vestibular 
ganglion decrease with age (Park, Tang, Lopez, & Ishiyama, 2001; Velázquez-Villaseñor 
et al., 2000). Third, several studies done in humans and mice showed that the number and 
size of neurons in the vestibular nuclear complex are decreasing in an age dependent 
manner (J. C. Alvarez et al., 1998; Diaz, Suarez, Navarro, Gonzalez del Rey, & Tolivia, 
1993; I. Lopez, Honrubia, & Baloh, 1997; Sturrock, 1989). Although the underlying cause 
for this neurodegeneration is not known it has been suggested that accumulated 
lipofuscin, granules containing lipid residuals from lysosomes, especially in the lateral 
vestibular nucleus could be implicated in the neurodegeneration of vestibular complex 
neurons (J. C. Alvarez et al., 2000).  
Taken together, the gradual loss of vestibular function likely involves a deterioration of 
vestibular sensory organs in the inner ear, as well as neurodegeneration in the vestibular 
ganglion and in, the vestibular nuclear complex. However, the effects of age on central 
vestibular network integration has so far not been investigated. 
  




4 Aims of the study 
Aging is associated with a loss of muscle function but also declining sense of balance 
(Eibling, 2018; Lei & Wang, 2018; Lord & Ward, 1994). Statistically, every third person 
older than 65 falls at least once per year (Fuller, 2000). The high incidence of falls in the 
elderly is among the main drivers for hospitalization, admission to nursing homes and 
loss of independence (Fuller, 2000). Alarmingly, in the elderly population the main cause 
of accidental deaths are falls (Fuller, 2000; Riley, 1992). Considering that the age group 
above 60 is the fastest growing population (World population aging 2015, United 
Nations) it is vital to understand in depth the mechanisms leading to falls in this age 
population.  
Remarkably, physical activity improves gait, posture and balance in the elderly (Cadore 
et al., 2013; Carter, Kannus, & Khan, 2001; Lopopolo, Greco, Sullivan, Craik, & 
Mangione, 2006; Perrin, Gauchard, Perrot, & Jeandel, 1999; Shigematsu et al., 2002; 
Simmons & Hansen, 1996). Of interest, exercise improved the vestibular ocular reflex, 
vestibular postural reflex and proprioception (Gauchard et al., 2003; Petrella, Lattanzio, 
& Nelson, 1997; Tsang & Hui-Chan, 2003), indicating that exercise could act on central 
processing of the vestibular and proprioceptive systems. Both the LVe as well as the 
proprioceptive muscle spindle receptor send monosynaptic projections to motor neurons, 
where feedback from both sensory systems are integrated by motor neurons (Fig. 11) (see 
3.2.2 The proprioceptive spinal circuits and 3.3.1Anatomy and function of the vestibular 
system) to generate an appropriate motor output to regain balance. However, despite the 
importance of vestibular and proprioceptive feedback to motor neurons, the effect of age 
and exercise on vestibular and proprioceptive connectivity to motor neurons is only 




rudimentarily understood. Therefore, the aim of this study is to relate the effect of age 
and exercise on balance in mice to components and networks of the proprioceptive and 
vestibular systems.  
To that end, physiologically aged C57BL/6J mice were trained for 6 to 12 weeks on 
running wheels and treadmill. The use of retro- and anterograde neuronal and synaptic 













tracing techniques combined with in vivo balance and gait testing revealed how age and 







5.1 Muscle function in aged mice 
Three different groups of physiologically aged C57BL/6J mice were exercised with 
running wheels and on treadmill. The intermediate group, aged 18.5 months, and old age 
group, aged 23.5 months, were trained for 12 weeks starting at 15.5 months and 20.5 
months of age, respectively. An additional group aged 17 months was exercised for 6 
weeks. (Fig. 12a). In order to follow the in vivo behaviour over time, sedentary as well 
as exercised mice were retested 4 days before, 6 weeks after and 12 weeks after the start 
of the training (Fig. 12a). To exclude muscle mass loss as a confounding factor for the 
observed phenotypic changes, we measured gastrocnemius (GS) (Fig. 12b) and Tibialis 
anterior (TA) (Fig. 12c) muscle mass and found no significant decrease between any of 
the groups. In addition, we assessed muscle function by measuring all four limbs grip 
strength. Although muscle mass was not yet significantly reduced we found a small 
reduction in grip strength in aged sedentary and exercised mice (Fig. 12d). Moreover, we 






Fig. 12 Muscle function in aged mice 
 
  
a Representation of different age groups and timeline of study. b GS muscle mass and c TA muscle mass 
normalized to body length and relative to 7-month-old controls. d All four limbs grip strength normalized to body 
length and relative to 7-month-old controls. n=6 to 9 animals per group. Data represent the mean ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month controls, represented as 






5.2 Changes in gait were ameliorated by exercising 
Since elderly humans undergo changes in gait (Gillain & Petermans, 2013; Verghese, 
Ambrose, Lipton, & Wang, 2010; Verghese et al., 2008), we wondered if aged mice 
would show a similar phenotypic changes with age. To measure gait in aged sedentary 
and exercised mice, animals walked voluntarily through a catwalk tunnel connected to a 
camera tracking paw prints. All aged mice moved significantly slower across the platform 
(Fig. 13a to c), and made significantly fewer steps per seconds than 7-month-old mice 
(Fig. 13d to g). In contrast, aged mice that were exercised moved significantly faster (Fig. 
13a to c) and made more steps per second (Fig. 13d to g) than age-matched sedentary 
controls. In addition, the stand-time increased with age (Fig. 14a to c). Strikingly, 
exercised aged mice increased in the stand- time (Fig. 14a to c) and took bigger steps 
than sedentary age-matched control mice (Fig. 14d to g), showing that age-related gait 







Fig. 13: Changes in locomotive speed 
 
  
a to c Body speed during locomotion. d to f, Cadence, the number of steps per second. n=6 to 9 animals per group. 
In a to c values for both front paws were combined. Data represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p 
< 0.001 indicate statistically significant differences between 7-month controls, represented as dotted line, and aged 
animals. #p < 0.05; ##p < 0.01; ###p < 0.001 indicate statistically significant differences between sedentary and 






Fig. 14: Changes in stand time and stride length 
 
  
a to c Stand time and d to f stride length. n=6 to 9 animals per group. Values for both front paws were combined. 
Data represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences 
between 7-month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 0.001 
indicate statistically significant differences between sedentary and exercised animals of the same age group. 





5.3 Age-associated loss of balance was improved by 
exercise 
Since exercise ameliorated changes in gait, we next asked if also age-related loss of motor 
coordination and balance could be improved by exercise. To assess motor coordination 
in aged exercised and sedentary mice we conducted a Rotarod test. Intermediate aged 
mice did not perform significantly worse than 7-month-old mice (Fig. 15a) in the Rotarod 
test. However, old age sedentary mice tended to fall sooner than 7-month-old mice while 
exercise did not affect performance in any of the groups (Fig. 15b). To measure balance, 
old age and intermediate aged mice were tested on a round balance beam. Before the start 
of the exercising period, intermediate mice, aged 15.5 months, did not perform worse 
than 7-month-old controls on the balance beam. However, at 17 and at 18.5 months of 
age, intermediate sedentary mice needed longer to cross the beam (Fig. 16a) and slipped 
more than 7-month-old mice (Fig. 16b). Remarkably, intermediate aged mice that 
exercised crossed the beam faster (Fig. 16a) and made significantly fewer slips than 
sedentary controls (Fig. 16b). Moreover, even old age mice that were exercised for 12 
weeks traversed the beam significantly faster than sedentary mice of the same age (Fig. 
16c). To strengthen these findings, we tested 18.5-month-old mice on a square balance 
beam. Also in this setting, aged mice that exercised crossed the square balance beam 
significantly faster than sedentary aged matched controls. (Fig. 16e). 







Fig. 16: Motor coordination in aged mice 
 
a, b Time to fall from Rotarod as a measure for motor coordination. n=6 to 9 animals per group. Data represent the 
mean ± SEM. Trends are indicated by stating the P-value and are relative to 7-month-old controls, represented as 





Fig. 16: Balance in aged mice 
 
  
a, c The time to cross the round balance beam. b, d The number of slips while crossing the round balance beam. e 
The time to cross the square balance beam and f the number of slips. n=6 to 9 animals per group. Data represent 
the mean ± SEM. . *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-
month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 0.001 indicate 
statistically significant differences between sedentary and exercised animals of the same age group. Significance 





5.4 Age but not exercise affected muscle spindle 
morphology 
Since proprioceptive feedback is crucial for both balance and gait (Proske & Gandevia, 
2012; Windhorst, 2007), we next asked if there are changes in muscle spindle receptor 
morphology that correlate with the observed improvement in balance. To assess muscle 
spindle coil morphology, we analysed whole-mounted fragments of the extensor 
digitorum longus (EDL) muscle that were labelled for the intrafusal fibre marker, s46 in 
green and Neurofilament H (NFH) in purple. Fig. 17a shows the longitudinal view of a 
muscle spindle and how coil width (a) and coil distance (b) were measured. While there 
was no difference in muscle spindle coil distance (Fig. 17c), we found that the width of 
muscle spindle coils increased significantly with age (Fig. 17b). However, we observed 
no effect of exercise on coil width or distance (Fig. 17b, c). In addition, serial cross 
sections from GS muscle were also analysed. Fig. 18a to e shows the cross-sectional view 
of a muscle spindle labelled for s46 (green), NFH (purple) and laminin (white). We 
detected no difference in the number of muscle spindles per 20 serial sections in any of 
the groups (Fig. 18f). There was also no significant difference between aged sedentary 
and exercised mice in the size of s46+ fibres. However, muscle spindle fibre diameter was 
decreased in an age dependent manner (Fig. 18g). 
In sum, muscle spindle morphology was altered with age but exercise had no effect on 







Fig.17: Muscle spindle coil morphology 
 
a Longitudinal view of muscle spindle from EDL whole-mount labeled with s46 in green and NFH in purple. a and 
b on the image show how coil width and distance was measured. b Muscle spindle coil width and c distance between 
coils. n = 16 muscle spindles from a minimum five animals. Scale bar = 5 µm. Data represent the mean ± SEM. *p 
< 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month controls, represented 





Fig. 18: Muscle spindle fibre size 
 
  
a to b Cross-sectional view of muscle spindle from GS sections labelled with s46 in green, NFH in purple and 
laminin in white. f The number of muscle spindles per 20 serial sections. g The minimal Feret’s diameter of s46+ 
muscle spindle fibres. n = 2 to 3 muscle spindles per animal from a minimum five animals. Scale bar = 5 µm. Data 
represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 
7-month controls, represented as dotted line, and aged animals. Trends are indicated by stating P-value and are 





5.5 The number of Parvalbumin+ nerve fibres was 
decreased with age but not with exercise 
Since we observed changes in the sensory neuron innervating muscle spindles, we next 
wondered if the sciatic, nerve supplying innervation to muscle spindles as well as to hind 
limb muscles would be affected by age or exercise. To that end, we analysed cross-
sections from sciatic nerve of aged sedentary and exercised mice. Fig. 19a to c show 
representative images of sciatic nerve cross sections labelled for parvalbumin (PV) in 
purple and laminin in white. Neither the number of PV+ nerve fibres (Fig. 19d), nor the 
fibre size distribution (Fig. 19f) were significantly different between sedentary and 
exercised mice. Moreover, the average size of nerve fibres was not significantly changed 
between any of the groups (Fig. 19e). However, with age the fibre size distribution was 
shifted towards larger nerve fibres (Fig. 19f) and we detected fewer PV+ nerve fibres in 
aged sedentary mice than in 7-month-old mice (Fig. 19d).  
In sum, nerve fibres from aged sedentary mice had a shifted size distribution and fewer 






Fig. 19: Size and composition of nerve fibres in the sciatic nerve 
 
  a to c Representative images of sciatic nerve cross-sections labelled with laminin in green, and PV in purple. d The 
number of PV+ nerve fibres. e The minimal Feret’s fibre diameter. .f The nerve fibre size distribution in percentage 
of all nerve fibres. n = 2 to 3 sections per animal from a minimum five animals. Scale bar = 50 µm. Data represent 
the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month 
controls, represented as dotted line, and aged animals. Significance was determined using Anova followed by 





5.6 The number of proprioceptive sensory neurons was 
unchanged with age or exercise 
Aside from proprioceptive sensory axons, other types of axons in the sciatic nerve also 
express PV. Consequently, we next asked if the changes in the number PV+ nerve fibres 
could be reflected by a decreased amount of PV+ proprioceptive sensory neurons in the 
DRG. To answer that question, we counted the number of PV+ proprioceptive sensory 
neurons on cross sections from L4 DRGs (Fig. 20a). Unlike in the sciatic nerve, the 
number of PV+ cells was unchanged by age or exercise (Fig. 20b).  
Collectively, we showed that muscle spindle receptor morphology and sciatic nerve 
composition were affected by age. However, in response to exercise we found no effect 
in the number of proprioceptive sensory neurons or muscle spindle morphology that could 






Fig. 20: Proprioceptive sensory neurons in the DRGs 
 
  a Representative image of L4 DRG labelled with laminin in green, and PV in purple. b The number of PV
+ 
proprioceptive sensory neurons were counted and the ratio relative to the total number of sensory neurons was 
calculated. n = 2 to 5 sections per animal from a minimum of four animals. Scale bar = 50 µm. Data represent the 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month 
controls, represented as dotted line, and aged animals. Significance was determined using Anova followed by 





5.7 Proprioceptive input to motor neurons was decreased 
with age but not with exercise 
Since proprioceptive sensory neurons have bifurcating axons, one projecting to the 
muscle spindles and the other projecting centrally to connect directly to motor neurons 
(see 3.2 The proprioceptive system), we next asked if there could be age or exercise 
related changes in the muscle spindle feedback to motor neurons. In order to pursue this 
question, we used g-protein deleted rabies virus to retrogradely trace the GS and TA 
motor neuron pools (Fig. 21a). To exclude loss of motor neurons as a contributing factor 
for balance loss, we counted the number of motor neurons from the GS and TA motor 
neuron pool. Neither the number of TA motor neurons (Fig. 21b) nor the number of GS 
motor neurons (Fig. 21c) were reduced with age. In order to quantify proprioceptive 
synapses on traced motor neurons, we co-stained spinal cord cross sections with the 
proprioceptive synapse marker vGlut1. Fig. 22a and b shows an example of a 3D 
projection of a motor neuron area in purple co-stained with vGlut1 staining in green and 
the corresponding reconstruction of synapses on a motor neuron. The number of vGlut1 
synapses that were touching the motor neuron surface was normalized to the surface area 
of the reconstructed motor neuron, which resulted in the synaptic density. We found that 
irrespective of exercise, TA and GS motor neurons from aged mice had a lower synaptic 
density than 7-month-old mice (Fig. 22c, d). Consistently, we observed significantly 
fewer synapses on the soma of TA and GS motor neurons from aged sedentary mice. 
Moreover, between sedentary and exercised mice of the intermediate age group, we did 
not detect differences in the amount of vGlut1 synapses on motor neuron soma from both 
motor neuron pools. However, we counted fewer vGlut1 synapses on TA and GS motor 





f). To investigate if exercise affected the vGlut1 synaptic distribution we measured the 
distance between synapses and the dendrite root for TA and GS motor neuron trees. In 
GS motor neurons from both age groups, we found fewer synapses between the first 100 
µm from the dendrite root than in 7-month-old mice (Fig. 23a, b). While there was no 
difference in synaptic distribution between sedentary and exercised mice in GS motor 
neurons (Fig. 23a, b), we observed a significantly higher percentage of synapses between 
60 to 160 µm in TA motor neurons from exercised old age mice than from sedentary age-
matched controls. However, in the intermediate age group we did not detect differences 
between sedentary and exercised mice (Fig. 24a, b). 
Taken together, proprioceptive synaptic density and distribution were changed with age 
but not with exercise. In TA motor neurons, exercise did not alter synaptic density but 






Fig. 21: The TA and GS motor neuron pool 
 
  a Schema of retrograde tracing approach and representative image of a motor neuron (purple) in 3D. b The number 
of TA and c GS motor neurons. n = 5 to 8 animals. Scale bar = 100 µm. Data represent the mean ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0,001 indicate statistically significant differences between 7-month controls, represented as 





Fig. 22: The proprioceptive input to motor neurons with age 
 a Example of motor neuron (purple) in 3D projection labelled with vGlut1 (green) and b the corresponding 
reconstruction. c, d The calculated number of synapses was normalized to the surface area of the reconstructed 
motor neuron, resulting in the synaptic density. e, f The number of synapses on the motor neuron soma. A minimum 
of 20 motor neurons from a minimum of five different animals per group were analysed. Scale bar = 100 µm. Data 
represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0. indicate statistically significant differences between 
7-month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 0.001 indicate 
statistically significant differences between sedentary and exercised animals of the same age group. Significance 





Fig. 23 vGlut1 synaptic distribution of GS motor neurons 
  a, b Distribution of vGlut1 synapses along GS motor neuron branch relative to the motor neuron root in percentage 
of all synapses. A minimum of 20 motor neurons from a minimum of five different animals per group were 
analysed. Data represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant 
differences between 7-month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 
0.001 indicate statistically significant differences between sedentary and exercised animals of the same age group. 





Fig. 24: vGlut1 synaptic distribution of TA motor neurons 
 
  a, b Distribution of vGlut1 synapses along TA motor neuron branch relative to the motor neuron root in percentage 
of all synapses. A minimum of 20 motor neurons from a minimum of five different animals per group were 
analysed. Data represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant 
differences between 7-month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 
0.001 indicate statistically significant differences between sedentary and exercised animals of the same age group. 





5.8 Exercise increased the vestibular input to motor 
neurons. 
Since not only proprioceptive but also vestibular input is necessary to ensure proper 
balance, we next asked if the improvement in balance in response to exercise could be 
mediated by an enhanced vestibular input to motor neurons. To pursue this question, we 
traced vestibular monosynaptic contacts to motor neurons by injecting an AAV-virus 
containing a plasmid with a synaptophysin-GFP-tagged fusion (AAV-Syn-tag) protein 
into the LVe and traced the soleus motor neuron pool using g-protein deleted rabies virus. 
Fig. 25a to f show representative images of soleus motor neurons in purple and vestibular 
synapses in green. We detected fewer synapses over the whole motor neuron area (Fig. 
25g) and fewer vestibular synapses on the cell soma (Fig. 25h) in aged sedentary mice 
compared to 7-month-old controls. Moreover, in aged mice the vestibular synaptic 
density was significantly decreased (Fig. 25i). In contrast, motor neurons from aged 
exercised mice had more synapses over the whole motor neuron area (Fig. 25g), a higher 
synaptic density (Fig. 25i) and more synapses on the cell soma (Fig. 25h) than aged 
sedentary mice. In addition, we analysed the synaptic distribution along motor neuron 
branches. We found fewer synapses between 20 and 120-µm distance from the motor 
neuron root in aged sedentary mice compared to 7-month-old controls but the overall 
distribution was not shifted by age or exercise (Fig. 26a). To exclude that changes in 
synapse content on the level of motor neurons could be due to a different virus infection 
rate we analysed coronal sections from AAV-syn-tag injected brains that were labelled 
for NeuN in red, and Dapi in blue (Fig. 27a). We counted the number of GFP infected 
LVe neurons and observed no significant difference in the number of infected neurons 





Taken together, these results show that exercise ameliorated the age-related loss in 
vestibular synaptic connections to motor neurons. 
Fig. 25: Vestibular input to soleus motor neurons 
 
  Vestibular synapses were traced by injecting an AAV-virus containing a synaptohysin-GFP fusion protein into the 
LVe. a to f Representative images of soleus motor neurons (purple) with vestibular synapses (green). g The number 
of synapses over the whole motor neuron area. h The number of synapses on motor neuron soma and i the synaptic 
density. j The distribution of vestibular synapses along soleus motor neuron branch relative to the motor neuron 
root. A minimum of 41 motor neurons from a minimum of five different animals per group were analysed. Data 
represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 
7-month controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 0.001 indicate 
statistically significant differences between sedentary and exercised animals of the same age group. Significance 





Fig. 26: Distribution of vestibular synapses along motor neuron branches 
 
  
Vestibular synapses were traced by injecting an AAV-virus containing a synaptohysin-GFP fusion protein into the 
LVe. a Distribution of vestibular synapses along soleus motor neuron branch relative to the motor neuron root. A 
minimum of 41 motor neurons from a minimum of five different animals per group were analysed. Data represent 
the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month 
controls, represented as dotted line, and aged animals. #p < 0.05; ##p < 0.01; ###p < 0.001 indicate statistically 
significant differences between sedentary and exercised animals of the same age group. Significance was 





Fig. 27: The number of LVe neurons infected with AAV-synaptophysin-GFP-tag 
 
  
An AAV- virus containing a plasmid with a synaptophysin- GFP tag was injected into the LVe. a Representative 
image of LVe region from coronal brain section labelled with NeuN (red) and dapi. b Schema of coronal brain 
section with IV ventricle and the LVe region (dotted line). The square represents the field of view of the image. c 
The number of infected LVe neurons per section. n = 3 to 4 sections per animal from a minimum of five animals. 
scale bar = 100 µm. Data show mean ± SEM. *p < 0.05 indicate statistically significant differences between 7-





5.9 The number of LVe neurons decreased with age. 
Since the loss in vestibular synaptic connections to motor neurons was ameliorated by 
exercise, we next asked if an increased number of LVe neurons could be responsible for 
the improvements in response to exercise. Fig. 28a to c show representative images of 
coronal brain sections that were labelled for NeuN (red) and Dapi (blue). On sections 
from aged mice, we counted fewer LVe neurons compared to 7-month-old mice. 
However, we observed no significant difference in the number of LVe neurons between 
aged sedentary and exercised mice (Fig. 28c). 
Collectively, we showed that although the number of LVe neurons was decreased with 
age there was no significant change between sedentary and exercised mice, showing that 
the improvement in vestibular synaptic content on motor neurons in response to exercise 





Fig. 28: The number of LVe neurons with age and exercise 
 
  
a to c Representative images of the LVe from coronal brain sections labelled for NeuN (red) and dapi. d Schemaic 
overview of brain section with IV ventricle and the LVe region (dotted line). The square represents the field of 
view of the images. e The number of LVe neurons per section. n = 3 to 4 sections per animal from a minimum of 
five animals. Scale bar = 100 µm. Data show mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically 
significant differences between 7-month controls, represented as dotted line, and aged animals. Significance was 
determined using Anova followed by Sidak’s test.  




6 Discussion and conclusions 
6.1 Effects of age and exercise on the neuromuscular 
system 
Old age affects all cells and organs, leading to accumulation of DNA damage, increased 
cellular and mitochondrial ROS release, disturbed proteostasis and loss of regenerative 
capacity due to stem cell senescence (Aunan et al., 2016), (see 3.1.1Molecular 
mechanisms of aging). In the neuromuscular system, old age is characterized by a net loss 
of muscle mass and function, changed fibre type distribution, and decreased 
neuromuscular transmission exacerbating loss of muscle function leading to skeletal 
muscle fragility and increased morbidity and mortality in affected elderly people (Nair, 
2005), (see 3.1.3 Sarcopenia). However, the sequence of events in the progression of 
sarcopenia is still a matter of debate and the question if the loss of muscle mass is the 
cause or the consequence of altered neuromuscular integrity is still debated. 
Similar to the NMJ, the sciatic nerve also experiences age-associated changes. Here, we 
show that the amount of axons in the sciatic nerve that are positive for the calcium binding 
protein PV, is decreased with age. Interestingly, reduced levels of PV in peripheral nerves 
and motor neurons have been suggested to increase the vulnerability to neurodegeneration 
in diabetic neuropathy and motor neuron disease conditions, respectively (Endo & Onaya, 
1986; Ince et al., 1993). Since PV has been suggested to be involved in neuronal calcium 
buffering (Chard, Bleakman, Christakos, Fullmer, & Miller, 1993; Seto-Ohshima, 1994), 
the decreased amount of PV in the aged sciatic nerve could represent early age-associated 
signs of calcium-induced toxicity, contributing to neurodegeneration, as has been 
suggested for other neurodegenerative diseases like Alzheimer’s or motor neuron diseases 




(Duchen, 2012; Sattler & Tymianski, 2000). Expression levels of proteins, involved in 
axonal transport, were already altered in the sciatic nerve at 18-months of age (Krishnan 
et al., 2016). Similarly, the NMJ also shows early age-associated changes in morphology 
(Michael R. Deschenes, Roby, Eason, & Harris, 2010; Valdez et al., 2010), further 
suggesting that the peripheral nerves experience age-associated changes before onset of 
muscle mass loss.  
Surprisingly, we observed an increase in sciatic nerve fibre size in the absence of motor 
neuron loss in aged mice, contrasting studies done in humans, where old age has been 
reported to be accompanied by a loss of large myelinated fibre size and decreased lumbar 
motor neurons (Tomlinson & Irving, 1977; Ugrenović et al., 2016). In line with our 
findings, an increase in peripheral nerve fibre size with age was also observed in rodents 
(Hashizume & Kanda, 1995; Krause Neto et al., 2017). Thus, the discrepancy could be 
due to differences in rate of aging between human and animals. However, in other rodent 
studies, a regression in peripheral nerve fibre size with age was also reported (Jeronimo, 
Jeronimo, Filho, Sanada, & Fazan, 2008; Sakita, Murakami, & Fujino, 2016). Therefore, 
it is more likely that the opposing observations concerning neve fibre size could be due 
to the in-between differences in peripheral nerves and to differences in the age of animals. 
Indeed, we have observed alterations in nerve fibre size already in 18.5-month and 23.5.-
month old mice. Although muscle mass in these mice was not yet significantly reduced, 
we observed a reduction in grip strength. The decreased force in aged mice could be due 
to lower neuromuscular transmission, as it was observed that the amplitude of sciatic 
nerve excitability is already lower in 20-month old mice (Walsh et al., 2015). Therefore, 
increased nerve fibre size in the sciatic nerve could represent a compensatory response to 
cope with decreased conduction velocity due to altered quality of nerve integrity.  




Endurance exercise has been reported to increase grip strength, improve recovery and 
increase the sciatic nerve fibre size after nerve-crush injury (Bobinski et al., 2011; van 
Meeteren, Brakkee, Hamers, Helders, & Gispen, 1997). Consistently, voluntary wheel 
running improves NMJ integrity in aged rats (Valdez et al., 2010), showing the potential 
of endurance exercise to ameliorate neuromuscular age-related alterations (see 3.1.4 
Exercise as a therapeutic intervention). However, we failed to detect any effect on the 
sciatic nerve composition and size or grip strength in aged mice. It is possible, that the 
duration or the timing of the exercise intervention was insufficient to illicit changes in the 
sciatic nerve. However, nerve-crush injury leads to a stark remodelling of muscle fibres 
and function, whereas our mice did not yet have a muscle mass loss and did not yet show 
severe aging symptoms. Nevertheless, it is possible that endurance exercise during 
midlife could delay the onset of severe aging pathologies. Therefore, it would be 
interesting to assess the efficacy of endurance exercise during midlife in ameliorating the 
decay of the sciatic nerve integrity in very old sarcopenic animals. 
In sum, endurance exercise was ineffective in preventing these early neuromuscular 
degenerative events. Nevertheless, based on the evidence presented her, we hypothesize 
that age-associated alteration in the sciatic nerve size, in the amount of PV expressing 
nerve fibres and in NMJ integrity contribute to decreased neuromuscular transmission 
and loss of muscle fibre innervation, consequently leading to muscle atrophy.  
To conclude, these findings indicate that sarcopenia likely is of neurogenic origin. Future 
studies should investigate the potential role of PV in calcium-induced toxicity leading to 
neurodegenerative events in the sciatic nerve. 




6.2 Effects of age on the proprioceptive system 
The sensory feedback of the muscle spindles to motor neurons are crucial for motor 
coordination, balance and gait. Elderly humans experience a loss of balance and 
proprioception (Lei & Wang, 2018; Lord & Ward, 1994) which is reflected in the risk of 
falls in this age population. An improved understanding of the processes that control 
balance in aging is therefore instrumental to mitigate the dramatic loss in quality of life, 
and the increase in morbidity and mortality of elderly individuals. 
We now show that the amount of proprioceptive feedback to motor neurons decreases 
with age in the absence of a loss of motor neurons, confirming that age-related 
remodelling of the motor neuronal synaptic tree occurs before motor neuronal loss, as has 
been suggested before (Maxwell et al., 2018). In addition, we show that the size of 
intrafusal fibres decrease in an age-dependent manner in the absence of overall decreased 
muscular mass, suggesting that extrafusal fibres do not exhibit atrophy at the observed 
age and that intrafusal fibre atrophy could represent early age-associated degeneration of 
muscle spindles independently of extrafusal fibres. Furthermore, proprioceptive sensory 
neuron coil width, innervating intrafusal fibres, are widened further indicating functional 
decay of muscle spindle firing. These age-associated alterations in the muscle spindle 
morphology are similar to the observation of human and rodent studies (Kararizou et al., 
2005; Kim et al., 2007; Liu et al., 2005; Swash & Fox, 1972; Vaughan et al., 2016), 
confirming deterioration of the aged muscle spindle. In elderly humans, the balance 
capacity and gait parameters are changed with age, which is consistent with our 
observation in aged mice, where balance, locomotive speed and cadence were altered 
with age. Thus, it is likely that altered muscle spindle morphology and decreased 
proprioceptive input to motor neurons are mainly responsible for loss of proprioception 




in elderly humans. However, what is driving these age-associated changes on the 
proprioceptive system is unknown. 
Interestingly, conditional satellite cell depletion in skeletal muscle of adult mice leads to 
changes in gait, reduced running wheel activity, and loss of balance concomitantly with 
increased capsular thickness of muscle spindles and intrafusal fibre atrophy (Jackson et 
al., 2015) reminiscent of aged muscle spindles. Therefore, it is possible that decreased 
satellite cell activation, as is known to occur during the aging process (Rando, 2005), 
could reduce the regenerative capacity of intrafusal fibres, which could contribute to 
aberrant proprioceptive sensory neuron innervation of intrafusal fibres leading to a loss 
of proprioceptive input to motor neurons. However, proprioceptive coil width widening 
could also point towards denervation induced atrophy of intrafusal fibres. Interestingly, 
in rats one year after peripheral nerve injury and subsequent reinnervation proprioceptive 
vGlut1+ synapses on motor neurons were not restored even though motor innervation was 
re-established. Importantly, the loss of other synapse, such as vGlut2+ synapses, were 
restored after re-innervation (F. J. Alvarez et al., 2011), indicating that the selective loss 
of proprioceptive vGlut1+ synapses is responsible for the diminished stretch reflex in 
nerve-injured rats (Bullinger et al., 2011). Thus, it is conceivable that aging could lead to 
denervation of muscle spindle afferents and decreased muscle spindle firing. Absence of 
muscle spindle firing could have promoted the selective loss of vGlut1+ proprioceptive 
synapses on motor neurons further leading to decreased stretch reflex activity.  
Consistent with this chain of thought, sciatic denervation leads to intrafusal fibre atrophy 
accompanied by a reduction in NT3 expression (Copray & Brouwer, 1997; Schroder, 
Kemme, & Scholz, 1979). Interestingly, expression of NT3 in intrafusal fibres has been 
shown to be necessary for normal muscle spindle maturation, but the role of NT3 




signalling in muscle spindle maintenance during adulthood is not known. The finding that 
NT3 mRNA levels in intrafusal fibres decrease after sciatic denervation and increase 
again after subsequent reinnervation in adult animals suggest that NT3 could also play a 
role in muscle spindle maintenance and axon guidance during adulthood. In addition, 
during muscle spindle development, NT3 has been shown to be important to modulate 
the strength of proprioceptive feedback to motor neurons. Strikingly, intramuscular 
supplementation or muscle specific overexpression of NT3 increases the number of 
innervated intrafusal fibres and improves recovery after injury (Taylor et al., 2005; 
Wright et al., 2002). Because NT3 levels within the whole muscle are lower with age (Y. 
Ming et al., 1999b), reason stands that also intrafusal derived NT3 might be reduced with 
age. Therefore, lower levels of NT3 in intrafusal fibres could contribute to aberrant 
proprioceptive sensory neuron innervation of intrafusal fibres, which could lead to 
denervation, fibre atrophy and reduced proprioceptive input to motor neurons. 
Furthermore, to what extent γ-moto neuron innervation changes during the aging process 
and if it is needed for intrafusal fibre maintenance remains to be investigated. However, 
neuromuscular chemical denervation in rats showed that the majority of muscle spindles 
lacked γ-moto neuron innervation while most of the proprioceptive sensory connections 
were re-established four weeks after (Wolf & English, 2000), suggesting that γ-moto 
neuron innervation might be more vulnerable to insults than proprioceptive sensory 
axons. Thus, it is conceivable, that also age-related degeneration of γ-moto neuron 
innervation could also contribute to intrafusal fibre atrophy.  
Finally, inhibitory interneurons, such as Renshaw cells and Ia inhibitory interneurons also 
modulate the strength of the stretch reflex. However, it is not known how interneuron 
connectivity to motor neurons changes during old age. Data from ALS mouse models 




suggest that decreased inhibition from Renshaw interneurons are implicated in the 
disease-associated motor neuronal loss (Ramírez-Jarquín, Lazo-Gómez, Tovar-y-Romo, 
& Tapia, 2014; Wootz et al., 2013), suggesting that this neuronal subpopulation could be 
vulnerable to damage. Therefore, it is possible that altered Ia and Renshaw interneuron 
connectivity could also contribute to decreased proprioceptive function with age. 
Taken together, the muscle spindle experiences age-associated degeneration that could be 
explained by altered satellite cell activation and NT3 levels in intrafusal fibres. Reduced 
NT3 levels could have contributed to denervation of muscle spindles leading to decreased 
muscle spindle firing and a loss of proprioceptive input to motor neurons. 
Future studies should consider the role of muscle spindle derived NT3 in modulation of 
the stretch reflex, muscle spindle integrity and proprioceptive input to motor neurons 
during the aging process. 
6.3 Exercise improves the vestibular input to motor 
neurons 
Proprioceptive muscle spindles and the lateral vestibular nuclei both project directly to 
motor neurons, where input from both systems is integrated to adapt motor output 
(Basaldella et al., 2015; Liang et al., 2014; Proske & Gandevia, 2012). As discussed in 
the previous subchapter, the muscle spindle experiences age-associated detrimental 
changes and proprioceptive input to motor neurons is decreased, likely contributing to the 
decreased balance capacity in elderly people. Interestingly, physical activity improves 
balance, posture and gait in elderly humans (Cadore et al., 2013; Carter et al., 2001; 
Lopopolo et al., 2006; Perrin et al., 1999; Shigematsu et al., 2002; Simmons & Hansen, 
1996). However, despite the importance of these sensory feedback systems involved in 




balance, the effect of age and exercise on vestibular and proprioceptive circuits remains 
elusive. 
In humans, it has been reported that the amount of sensory neuron hair cells in the otolithic 
organs and semicircular canals in the inner ear decrease with age (Rauch et al., 2001). 
Concomitantly, the vestibular ganglia experience neurodegeneration (Park et al., 2001; 
Velázquez-Villaseñor et al., 2000). However, the extent of sensory hair cells loss is being 
questioned (Brosel et al., 2016; Gopen, Lopez, Ishiyama, Baloh, & Ishiyama, 2003; Ivan 
Lopez et al., 2005). Evidence suggests that degeneration of sensory hair cell might only 
contribute very little to the loss of vestibular function and that altered central processing 
within the vestibular system might be more involved in the deterioration of vestibular 
function.  
We now show that in aged mice, descending vestibular input to motor neurons is 
substantially decreased, even more so than proprioceptive input to motor neurons, 
suggesting that decreased vestibular input could be one of the main drivers for loss of 
balance in elderly humans. Strikingly, exercise mitigated the decrease in vestibular input 
for some parameters to levels that were indistinguishable from young control mice, 
indicating that the improved balance performance in exercising mice is likely due to 
elevated vestibular input to motor neurons. Interestingly, this exercise-mediated boost in 
vestibular synapses in the spinal cord occurred in the absence of a protective effect of 
training on the neurodegeneration in the LVe that was also observed in mice (Sturrock, 
1989) and humans (Diaz et al., 1993). In line with degeneration of LVe neurons with age, 
another study also showed decreased regenerative capacity of LVe axons after spinal cord 
lesion (Roozbehi et al., 2015), suggesting a high vulnerability of LVe axons to age-
associated degeneration. Although the underlying cause for this neurodegeneration is not 




known it has been suggested that accumulated lipofuscin, granules containing lipid 
residuals from lysosomes, especially in the lateral vestibular nucleus could be implicated 
in the neurodegeneration of vestibular complex neurons (J. C. Alvarez et al., 2000). 
Strikingly, in response to vestibular injury, neurogenesis in the vestibular nuclei was 
increased (Tighilet & Chabbert, 2019). Since exercise is known to increase neurogenesis 
in other brain regions in the hippocampus (van Praag et al., 2005) and the subventricular 
zone (G.-L. Ming & Song, 2011), we wondered if training could also promote neurogenic 
events in the vestibular nuclei. To that end, we injected aged exercising mice for three 
consecutive days with bromodeoxyuridine (BrdU) to label proliferating cells. However, 
after 6 weeks of exercise we failed to detect any proliferating cells in the vestibular 
nuclear complex (data not shown). 
Interestingly, loss of peripheral vestibular function can be partly compensated (Sjögren 
et al., 2018). However, the neuronal plasticity underlying the mechanism of vestibular 
compensation is unknown. Our observation of increased vestibular input could suggest 
that modulation of vestibular input to motor neurons in response to exercise could 
represent a response involved in vestibular compensation. Interestingly, the 
spinovestibular tract projects from the lumbar spinal cord to the vestibular nuclei 
(Pompeiano, 1972), but the functional implication of these projections are unknown. 
Strikingly, limb movement generate vestibular neuron firing in decerebrated and 
conscious cats (Arshian et al., 2014; Bankoul et al., 1995; A. A. McCall et al., 2016) and 
it has also been reported that the LVe receives indirect input from neck proprioceptors 
(Sato et al., 1997). These findings raise the possibility that limb proprioceptors could 
feedback on the LVe to modulate LVe firing. Therefore, future studies should investigate 
the effect of age and exercise on spinovestibular projections to vestibular neurons. 




The observation that vestibular input is increased, overcoming the overall loss in the LVe 
neuron number, supports a model in which endurance exercise could promote the 
regeneration of descending vestibular projections by promoting axonal sprouting and 
synapses formation, compensating for the decline in overall neuronal number. 
Functionally, the restoration of vestibular contacts to motor neurons seems sufficient to 
significantly enhance balance and gait in old, trained animals. Exercise-induced axonal 
sprouting as a potential explanation for the increased synaptic connections despite 
reduced neuronal numbers would be in line with observations that treadmill training 
promotes axonal sprouting leading to improved motor recovery after spinal cord hemi-
section (Houle & Cote, 2013). The mechanistic basis of our results on vestibular 
connectivity or the axonal sprouting in spinal cord lesions is unknown, but could involve 
neurotrophic factors. First, mice lacking BDNF exhibited balance and motorcoordination 
issues reflected in neurodegenerative events in the vestibular connective networks (Patrik 
Ernfors, Lee, & Jaenisch, 1994). Second, exercise increases neurotrophic factors in 
muscle and spinal cord (English et al., 2014; Gomez-Pinilla et al., 2001; Molteni et al., 
2004; Sakuma & Yamaguchi, 2011). Third, BDNF, NT3 and GDNF have been shown to 
promote axonal recovery and to increase synapse formation in spinal cord-injured animals 
(Deng et al., 2013; Ye & Houle, 1997). Therefore, future studies will aim at investigating 
the regulation and role of neurotrophic factors in motor neuron innervation by the 
vestibular system with age and exercise. 
Unlike the vestibular system, exercise training did not improve proprioceptive input to 
motor neurons or muscle spindle morphology in old mice. Consistently, proprioceptive 
input to motor neurons with age was lower in aged sedentary as well as in aged exercised 
mice. However, surprisingly, the amount of proprioceptive synapses on motor neurons 




was even lower in aged exercised mice than in aged-matched sedentary controls, while 
the synaptic density was similar between the two groups. These findings suggest that 
exercise could slightly shift the vGlut1 synaptic distribution. Altered vGlut1 synaptic 
distribution, has been observed in SMA mouse models (Mentis et al., 2011). However, 
exercised mice still perform substantially better on the balance beam, indicating that 
increased vestibular input could be sufficient to overcome the supposed detrimental 
effects of changed proprioceptive synapse distribution. 
In contrast to vestibular input, proprioceptive input was not improved in response to 
exercise, at least at old age. It is conceivable that the training paradigm, such as resistance 
exercise, might be important to differentially modulate the vestibular and the 
proprioceptive system. However, it has been reported that the adaptation to resistance 
training in the H-reflex latency, used to evaluate the strength of proprioceptive feedback 
to motor neurons, (see 3.2.2 The proprioceptive spinal circuits) was lost in aged human 
subjects compared to young, although the overall muscular strength was improved 
(Scaglioni et al., 2002). These findings suggest that resistance exercise is probably also 
not the ideal strategy to modulate the proprioceptive system. Finally, it is also possible 
that the training protocol used in this study was insufficient to affect the proprioceptive 
synaptic density, e.g. in terms of volume intensity or duration. It will thus be interesting 
to see whether future studies reveal an effect of life-long endurance exercise on 
proprioceptive and vestibular circuitry.  
To conclude, age-related changes in gait and balance are reflected by deterioration of 
morphological proprioceptive and vestibular synaptic networks. Improvements in balance 
due to exercise are not mediated by enhanced proprioceptive feedback but by increased 




vestibular input to motor neurons that could involve the promotion of synaptic sprouting 






7 Future prospective 
Elderly people above age 65 have a very high prevalence to fall, greatly reducing the 
quality of life and independence in affected people (Lei & Wang, 2018; Rubenstein, 
2006). Unfortunately, pharmacological treatment is so far not possible because 
knowledge about the neuronal mechanisms are lacking. Exercise has been shown to have 
positive effects on balance and body posture (Lelard & Ahmaidi, 2015; Rooks, Kiel, 
Parsons, & Hayes, 1997; Ruffieux et al., 2017; Shigematsu et al., 2002). However, 
especially elderly people tend to exercise less. Therefore, it is important to promote 
physical activity in the elderly (Hughes et al., 2018). Since the age group above 60 is the 
fastest growing population (World population aging 2015, United Nations), it is vitally 
important to improve our understanding of why aged people fall and to improve treatment 
strategies. Despite the existing knowledge about the principle components and functions 
of the proprioceptive and vestibular system in balance, motor coordination and body 
posture (Angelaki & Cullen, 2008; Proske & Gandevia, 2012), the role of age and exercise 
on the proprioceptive and vestibular connectivity to motor neurons is not well understood.  
Here we show that endurance exercise increased the vestibular input to motor neurons 
concomitant with a striking improvement in balance capacity and gait in aged exercising 
mice. Although proprioceptive input was not affected by exercise, the moderate training 
of aged mice was sufficient to overcome the age-associated decrease in vestibular and 
proprioceptive input and neurodegeneration in the vestibular nuclear complex. Therefore, 
it is likely that balance in aged exercising mice is improved by increased vestibular input. 
Of note, endurance training at old age, at moderate dose (3 times per week), and for 





compare this outcome on neuronal connectivity and phenotypic adaptation to life-long 
training studies and to evalutate the persistence of this effect when the training ceases. 
It is still unclear how exercise increases the number of vestibular synapses on motor 
neurons. As it has already been reported that exercise training increases axonal sprouting 
after spinal cord injury (Houle & Cote, 2013), increased vestibular synapses could be 
explained by exercise-induced sprouting of descending vestibular axons to motor 
neurons. To follow up on this hypothesis, the LVe of aged trained mice could be injected 
with an anterograde neuronal tracer, thereby labelling LVe axons and motor neurons 
could be retrogradely traced using rabies virus. By use of light sheet imaging, the number 
of descending axonal sprouts connecting to motor neurons could be determined.  
Furthermore, it is unknown what triggers these plastic neuronal changes in the vestibular 
connective networks in response to exercise. Exercise increases neurotrophic factors in 
muscle and spinal cord (English et al., 2014; Gomez-Pinilla et al., 2001; Molteni et al., 
2004; Sakuma & Yamaguchi, 2011). In turn, neurotrophic factors can enhance axonal 
recovery and synapse formation in spinal cord-injured animals (Deng et al., 2013; Ye & 
Houle, 1997). Therefore, it is plausible that neurotrophic factors could be involved in 
modulating the increased vestibular input in response to exercise. To follow up on these 
hypotheses, supplementation of neurotrophic factors to the spinal cord of aged mice could 
be used to ascertain if neurotrophic factors would have a similar beneficial effect on the 
vestibular input to motor neurons and balance than exercise. Strikingly, loss of BDNF 
leads to decreased balance capacity and motorcoordination difficulties that are related to 
neurodegenerative events in the vestibular connective networks (Patrik Ernfors et al., 





In addition, mass spectrometric analysis of the spinal cord of aged exercised mice could 
help to identify new factors that are regulated by exercise in the spinal cord.  
In addition to proprioceptive and vestibular contacts, motor neurons also interconnect 
with a complex network of inhibitory interneurons, such as Ia interneurons and Renshaw 
cells modulating the strength of the proprioceptive stretch reflex (Rosales & Dressler, 
2010; Windhorst, 2007). To what extent altered interneuron connectivity is contributing 
to age-associated degeneration of proprioceptive and vestibular reflexes is unknown. 
Interestingly, spinal interneuron activity is needed for the generation of rhythmic 
locomotive patterns (Ramírez-Jarquín et al., 2014). Therefore, the question can be raised 
if altered gait in response to aging could be due to altered interneuronal connectivity and 
if the improvement in gait with exercise could be reflected on the level of spinal 
interneuron networks. Therefore, it would be interesting to investigate the effect of age 
and exercise on spinal inhibitory interneurons. 
Combined with our findings, the results of the studies proposed above could help to 
enhance our understanding of why elderly people fall. Because of technical restraints, 
changes in proprioceptive and vestibular synaptic networks with age and exercise cannot 
be studied in human patients. This is why experiments with mice such as described above 
will be key in understanding the underlying neuropathological mechanism. Importantly, 
studying the process of balance improvement in response to exercise could prove useful 
in advancing pharmacological treatment strategies against age-associated loss of balance 







All animal experiments were done with male C57BL/6J mice that were obtained from 
Janvier. Animals were fed ad libitum with regular chow diet and kept under a 12‐h/12‐h 
light–dark cycle at 23°C. All experiments were performed in accordance with the Swiss 
federal guidelines for animal experimentation and were approved by the Kantonales 
Veterinäramt of the Kanton Basel‐Stadt. 
Exercising protocol 
Mice aged 15.5 and 20.5 month were trained on a treadmill for 12 weeks, 3 times per 
week 1 hour. Additionally, 17- month- old mice were exercised on a treadmill for 6 
weeks, 3 times per week for 45 min. All exercising animals had free access to running 
wheels during the intervention period. 
The treadmill speed was determined prior to the intervention by testing the animal´s 
maximum speed. Accordingly, the training speed was gradually increased from 50% to 
80% maximum speed at an angle of 5º or until mice could not keep up pace during training 
sessions.  
The protocol to assess the maximum speed was set at 8m/min for 3 min and was increased 






In vivo testing 
Unless otherwise stated all in vivo test were done 4 days before, 6 weeks after, and 12 
weeks after the start of the exercise intervention. When animals were exercised for 6 
weeks, in vivo test were done 4 days before and 6 weeks after the intervention. 
Rotarod  
Mice were put on a horizontal rotating rod (Ugo Basile) suspended from the ground. Since 
mice are naturally afraid to fall they will try hard to remain on the rotating rod. Mice were 
acclimatized for three consecutive days. On the first day, mice were put on the rotating 
rod three times for 3 min at 5rpm, the second day at 8rpm and third day at 12rpm. On the 
day of testing, the rotation speed was gradually increased from 5rpm to 68rpm during 7 
min. The time until a mouse falls was recorded and the average of three trials was 
calculated as a measure for motor coordination.  
Balance beam test 
Mice were taught to cross an inclined beam. They were familiarized with the task 1 day 
before the testing by giving them three practice trials. Doing this, mice learned to expect 
a red hiding box at the end of the beam, which ensured the animal´s compliance. The time 
to cross the beam and the number of slips were measured to assess balance performance. 
The intermediate and old age group were tested on a round balance beam system while 
the 6-weeks-exercise group was tested on a square beam. Thus for the 6-weeks-exercise 







The gait of mice was assessed using the CatWalk XT system by Noldus. Briefly, mice 
walked voluntarily across a glass platform. Several paw prints sequences were captured 
by a camera located under the platform and gait parameters were calculated using the 
Noldus software. 
Grip strength 
Mice all fours were put on a grid connected to a force meter. To measure all limbs muscle 
strength mice were gently pulled by the tail against the grid to measure how much force 
was needed to break their grip on the grid.  
Proprioceptive tracing 
Motor neuron pools from GS muscles were retrogradely traced using a g-protein deleted 
rabies virus as done previously (Basaldella et al., 2015). Briefly, GS and soleus muscles 
of anesthetized mice were injected with 5 µl of virus. After 4 days of incubation mice 
were anesthetized and transcardially perfused. 
Vestibular tracing 
To trace descending vestibular mono-synaptic contacts to motor neurons, an AAV-virus 
containing a plasmid with a synaptophysin-GFP-Tag fusion protein was bilaterally 
injected into the lateral vestibular nucleus as done previously (Basaldella et al., 2015). 
Briefly, the AAV-virus was injected into the LVe using the coordinates 0.24mm antero-
posterior, 0.134mm medio-lateral and 0.355mm dorso-ventral from lambda. The virus 





the soleus muscle was injected with g-protein deleted rabies virus to trace soleus motor 
neuron pools. 
Imunohisto-chemistry 
Spinal cord DRG and sciatic nerve 
Mice were anesthetized and transcardially perfused with 20 ml saline solution followed 
by 70 ml 4% PFA in PB buffer. After perfusion, spinal cords, DRGs and sciatic nerves 
were dissected and post-fixed overnight in 4% PFA. After fixation, they were sucrose 
protected for 24 hours in 30% sucrose in PBS and then frozen and cut in a cryostat. Spinal 
cord sections 60 µm thick were blocked 1 hour in 4% BSA 5% goat serum in 0.5% Triton-
X-100 at room temperature and then incubated overnight in primary antibody at 4 ºC 
followed by three washes in PBS. Spinal cord sections were incubated overnight in 
secondary antibody at 4 ºC and then washed three times with PBS before sections were 
mounted.  
DRGs and sciatic nerves were cross-sectioned at 10-µm thickness were blocked 1 hour 
in 4% BSA 5% goat serum in 0.5% Triton-X-100 at room temperature and then incubated 
overnight in primary antibody at 4 ºC followed by three washes in PBS. Then they were 
incubated 1 hour in secondary antibody and washed three times with PBS before 
mounting. 
Brains 
Mice were anesthetized and transcardially perfused with 20 ml saline solution followed 
by 70 ml 4% PFA in PB buffer. After perfusion, brains were dissected and post-fixed 
overnight in 4% PFA and stored in PBS until sectioning. Brains were cut at 40 µm on a 
vibratome and blocked 1 hour in 4% BSA 5% goat serum in 0.5% Triton-X-100 at room 





washed three times in PBS and incubated in secondary antibody at RT for 1 hour. After 
three washes of PBS brain sections were mounted with mounting medium on slides. 
Muscle sections 
Muscles were fresh-frozen in isopentane cooled by liquid nitrogen. To assess muscle 
spindles, 60 µm cross- sections from GS muscle were blocked 1 hour in 4% BSA 5% goat 
serum in 0.5% Triton-X-100 at room temperature and then incubated overnight in primary 
antibody at 4 ºC followed by three washes in PBS. Muscle sections were incubated 1 hour 
in secondary antibody and washed three times with PBS before mounting. 
Muscle whole mounts. 
EDL muscle was dissected and separated by their tendons into four fragments. EDL 
fragments were fixed in 4% PFA in PB buffer for 20 min and then washed three times 
followed by blocking in 4% BSA 5% goat serum in 0.5% Triton-X-100. Then, EDL 
fragments were incubated in primary antibody for 4 days at 4 ºC and then washed three 
times in PBS. After, EDL fragments were incubated for 2 days in secondary antibody at 
4 ºC and then washed three times before whole-mounting on slides. 
BrdU labelling to stain proliferating cells 
Brain sections were incubated for 1h with Triton X100 0.5 % with 4% BSA and 5% Goat 
serum with Dapi 1:500. Sections were washed 3 times 5min. The DNA was denatured by 
incubating sections in 2N HCL for 20min at 37 degrees. To neutralize acid, sections were 
treated with Borax for 10min at RT. Sections were thoroughly washed minimu of three 
times 15min before sections were blocked with Triton X100 0.5 % with 4% BSA and 5% 
Goat serum for 1h. Sections were incubated overnight with anti-BrdU antibody 1:500 at 





incubation with secondary antibody for 1h. Finally, Sections were mounted on slides with 
mounting medium. 
Target  dilution  Reference  Company 
Anti‐Laminin alpha 2  1:500  ab11576  abcam 
Anit‐s46  1:50    Developmental Studies Hybridoma Bank 
Anti‐NFH  1:200  AB1991  Chemicon 
Anti‐Parvalbumin  1:500  PV27  Swant 
Anti‐NeuN  1:500  ab134014  abcam 
Anti‐NeuN  1:100  MAB377  Millipore 
Anti‐vGlut1  1:20'000  AB5905  Chemicon 
Anti‐RFP  1:5'000  600‐401‐379  Rockland 
Anti‐GFP  1:1'000  A10262  Invitrogen 
Anti‐BrdU  1:500  ab6326  Abcam 
A488 anti‐rat  1:100  A11006  Invitrogen 
A568 anti‐mouse  1:100  A21124  Invitrogen 
A647 anti‐rabbit  1:100  711‐605‐152  Jackson Immuno Research 
A568 anti‐rabbit  1:100  A10042  Invitrogen 
A647 anti‐guniea pig  1:100  AP193SA6  Chemicon 
A488 anti chicken  1:100  A11039  Invitrogen 
 
Microscopy and image analyses 
Motor neurons 
20 tiles and stacks of the motor neuron tree were imaged on a spinning disk Nikon eclipse 
connected to a Visitron system with a 63x objective. For the proprioceptive tracing, we 
imaged stacks of 1 µm sampling. For the vestibular tracing, we imaged stacks with 300 
nm sampling. Stacks and tiles were stitched together in Fiji.  The motor neuron surface 
was reconstructed in Imaris and synapses were detected by the Imaris spot detection 
function. A matlab extension tool was used to calculate the number of spots touching the 
reconstructed motor neuron. The number of touching spots was normalized to the motor 
neuron surface. In the proprioceptive tracing, an area of 650 µm by 650 µm centred on 





Additionally, the synapse distribution on the motor neuron tree was analysed using 
Neurolucida. A blinded observer manually traced the outline of the motor neuron soma 
and the dendrites. All synapses touching the motor neuron were marked and the software 
calculated the distance of this mark to the motor neuron soma. The number of synapses 
contacting directly the cell body were counted manually. For analyses, a minimum of 
three motor neurons per animal was assessed. 
Muscle spindles 
To visualize muscle spindles with sensory nerve, muscle cross section and EDL whole 
mounts were labelled for s46, laminin, dapi and NFH. Muscle spindles were identified by 
s46 positive muscle spindle fibres surrounded by a capsule, nuclear aggregation within 
muscle spindle fibre and a NFH staining near muscle spindle fibres.  
Muscle spindle from GS cross sections were imaged on a LSM 700 confocal system from 
Zeiss with a 63x objective. Muscle spindle number was counted per 20 serial sections and 
the minimum Feret diameter of s46 positive muscle spindle fibres was measured in Fiji. 
Sections from at least four animals per group were assessed and two to 6 muscle spindle-
sections were analysed per animal and the average calculated.  
Stacks of muscle spindles from EDL whole mounts were imaged on a LSM 880 confocal 
system from Zeiss with a 63x objective and 0.75 µm sampling. Muscle spindle coil 
distance and width were measured in Fiji. The average coil distance and width for each 
muscle spindle was calculated by measuring at least two coils. Overall, a minimum of 
two muscle spindles from at least five animals per group was assessed. 
Sensory neuron 
L4 DRG sections were imaged with an AxioScan.Z1 slide scanner from Zeiss using a 20x 





neurons were labelled by NeuN. The number of PV and NeuN positive sensory neurons 
was counted manually by taking the average of minimum two sections from the same 
animal. 
Sciatic nerve 
Cross sections from sciatic nerve were imaged with an AxioScan.Z1 slide scanner from 
Zeiss using a 20x objective. Sections were labelled for PV and laminin. The number of 
PV+ axons was counted manually. The average minimum Feret diameter of axons and 
their size distribution was measured in Fiji using a custom-made macro. The average of 
minimum two sections per animal was calculated. 
Brain sections 
Coronal brain sections were imaged on a spinning disk Nikon eclipse connected to a 
Visitron system with a 63x objective. To visualize neurons from the lateral vestibular 
nucleus sections were stained for NeuN and anti-GFP. To capture the whole vestibular 
nuclei area, 12 by 12 tiles were imaged and the lateral vestibular nuclei identified. Using 
several tiles and stacks with 0.8 µm sampling, for each brain section the number of GFP+ 
and the total number of neurons in the lateral vestibular nucleus was counted manually 
by scrolling through the different image planes. The average neuron number from at least 
three different sections per animal was used to calculate an average neuron number per 







Unless otherwise stated, significance between groups was assessed using Anova followed 
by a Sidak multiple comparison test. In all Fig.s, the mean value and SEM was used to 
plot the data with error bars. 
  










9 Side project: Effect of PGC-1α on 
balance and the proprioceptive system 
 
  





The peroxisome proliferator-activated receptor-γ coactivator (PGC-1α) is transcriptional 
coactivator, involved among many other functions in the regulation of metabolism, such 
as gluconeogenesis in the liver, or browning of adipose tissue , as well as mitochondrial 
function and mitochondrial biogenesis (BAAR et al., 2002; Boström et al., 2012; 
Handschin, 2010; Yoon et al., 2001). In skeletal muscle, PGC-1α is induced by training 
favouring skeletal muscle fibre type remodelling (BAAR et al., 2002; Russell et al., 
2003). Consistently, overexpression of PGC-1α in skeletal muscle leads to the conversion 
of fast twitch typ II fibres to slow twitch typ I fibres and a shift towards oxidative 
metabolism (Lin et al., 2002). On the other hand, loss of PGC-1α in skeletal muscle drives 
the shift from oxidative type I and IIa toward type IIx and IIb and decreases exercise 
capacity (Christoph Handschin et al., 2007). Moreover, aside from its effect on the muscle 
itself, muscle-derived PGC-1α can also promote the remodelling of the NMJ morphology 
affecting not only the post synapse but also to presynaptic structures (Arnold et al., 2014). 
In addition, overexpression of PGC-1α increases the frequency of muscle fibre innervated 
by presumably slow type motor neurons (Chakkalakal, Nishimune, Ruas, Spiegelman, & 
Sanes, 2010), further suggesting a PGC-1α dependent retrograde signalling between 
muscle and motor neurons. 
In humans, age-related loss of PGC-1α has been implicated to decreased mitochondrial 
function with age (Ghosh et al., 2011), which could contribute to the development of 
sarcopenia (Johnson, Robinson, & Nair, 2013). Given the findings that PGC-1α promotes 
mitochondrial biogenesis, it was inferred that PGC-1α could slow down muscle aging 
(Anderson & Prolla, 2009; Leick, Lyngby, Wojtasewski, & Pilegaard, 2010). Strikingly, 
Gill et al, 2017 have previously found that PGC-1α also affects motor coordination and 




balance in aged animals (Gill, Santos, Schnyder, & Handschin, 2017), suggesting that 
with age, PGC-1α could mediate retrograde crosstalk between the muscle and spinal 
circuits, important to guide motor coordination and balance.  
The main sensory pathways that are involved in the regulation of balance are the 
proprioceptive and vestibular system that send direct monosynaptic input to motor 
neurons, affecting motor output (see 3.2 The proprioceptive system and 3.3 The vestibular 
system). Interestingly, the amount of proprioceptive and vestibular input to motor neurons 
between different motor neuron pools is antagonistically regulated. While fast motor 
neurons from flexors, such as TA motor neurons, receive more proprioceptive input, slow 
motor neurons within extensors, such as soleus motor neurons, are mainly contacted by 
vestibular descending projections but not proprioceptive ones (Basaldella et al., 2015). 
Since the fast-twitch TA muscle is predominantly glycolytic and the slow-twitch soleus 
oxidative, the question can be raised if shifting muscle fibre phenotype towards more 
oxidative metabolism would retrogradely affect proprioceptive feedback to motor 
neurons, as was already suggested to occur in the motor neuron neve terminals 
(Chakkalakal et al., 2010) 
Thus, in this project we investigate if PGC-1α affects motor coordination and balance in 
aged animals by retrogradely affecting proprioceptive input to motor neurons. To that 
end, we used muscle specific knock out mice of PGC-1α, termed mKO, and mice with 
overexpression of PGC-1 α, termed TG and traced motor neurons from different motor 
neuron pools by use of g-protein deleted rabies varies as done previously (Basaldella et 
al., 2015).   





9.2.1 Pilot study with female PGC-1α mKO and TG mice 
We quantified proprioceptive synapses by tracing motor neurons with rabies virus and 
co-stained with the proprioceptive synapse marker vGlut1. To establish the technique and 
to generate some preliminary data the tracing was only done on three female mice per 
group. Since it was already shown that soleus motor neurons receive less proprioceptive 
input than GS motor neurons (Basaldella et al., 2015), we compared vGlut1 synaptic 
density of soleus and GS motor neurons, serving as an internal control. Indeed, also in 
our hands, GS motor neurons had a higher synaptic density than soleus motor neurons 
(Fig. 29a). In Fig. 29b to g we assessed the number of vGlut1 synapses on the motor 
neuron soma, the synaptic density and the synaptic distribution of GS and soleus motor 
neuron pools of 7-month old female PGC-1α mKO mice. We did not observe significant 
differences in the synapse content or distribution on soleus motor neurons between WT 
and mKOs (Fig. 29d to g). Furthermore, the number of synapse on GS motor neurons 
(Fig. 29b) and the synaptic distribution (Fig. 29f) were also not altered by the loss of 
PGC-1α. However, GS motor neurons from PGC-1α mKO mice had a lower synaptic 
density than WT mice (Fig. 29b). 
In contrast, in GS motor neurons from11-months-old female PGC-1α TG mice, the 
synaptic density, number of synapses on cell soma and synaptic distribution were not 
altered (Fig. 30a, b, e). However, we observed fewer vGlut1 synapses on the cell soma 
of TA motor neurons and synapses were distributed farther away from dendrite root while 
the overall proprioceptive, synaptic amount was not altered (Fig. 30c to f). To investigate 
if changes in proprioceptive synapse content and synaptic distribution affected the 
balance and motor coordination, we performed a balance beam and Rotarod test. We did 




not detect any significant differences in Rotarod (Fig. 31a) and balance beam (Fig. 31b, 
c) performance in any of the groups, which could be due to the low amount of animals 
used to test in vivo behaviour. To increase n -number we repeated the balance beam test 
again with higher amount of animals in male PGC-1α mKO aged 12 months. However, 
also with increased n-number we failed to detect any significant effect of PGC-1α deletion 
on balance performance in mice (Fig. 31g to h).  
In sum, preliminary data suggested that in young female mice PGC-1α deletion reduced 
proprioceptive synaptic density while PGC-1α overexpression affected the synapse 
distribution. However, these changes had no effect on balance performance in 12-month-
old male PGC-1α mKO mice. 




Fig. 29: vGlut1 synapses in 7-month-old female PGC-1α mKOs 
 
 
GS and soleus motor neurons from 7-month-old female PGC-1α mKOs were traced using g-protein deleted rabies 
virus and co-stained with vGlut1. a The number of vGlut1 synapses on GS motor neuron soma. b The synaptic 
density of GS motor neurons. c The number of vGlut1 synapses on soleus motor neuron soma. d The synaptic 
density of soleus motor neurons. e The comparison of synaptic density between soleus and GS motor neurons in 
WT animals. f The synaptic distribution along GS and g soleus motor neuron branches. A minimum of 9 motor 
neurons from a minimum of two animals per group were analysed. Data show mean ± SEM. In a to d, *p < 0.05; 
**p < 0.01; ***p < 0.001 indicate statistically significant differences between WT and mKO and in e between 
soleus and GS motor neurons. Significance was determined using a two-tailed t-test.  
** 




Fig. 30: vGlut1 synapses in 11-month-old female PGC-1α TGs 
 
  
GS and TA motor neurons from 11-month-old female PGC-1α TGs were traced using g-protein deleted rabies virus 
and co-stained with vGlut1. a The number of vGlut1 synapses on GS motor neuron soma. b The synaptic density 
of GS motor neurons. c The number of vGlut1 synapses on TA motor neuron soma. d The synaptic density of TA 
motor neurons. e The synaptic distribution along GS and f TA motor neuron branches. A minimum of 9 motor 
neurons from a minimum of two animals per group were analysed. Data show mean ± SEM. *p < 0.05; **p < 0.01; 
***p < 0.001 indicate statistically significant differences between WT and TGs. Significance was determined using 
two-tailed t-test.  








Motor coordination and balance in PGC-1α.mKO and TG mice. a The time to fall from Rotarod for female mKOs 
and d female TG mice. b The time to cross balance beam for female mKOs and e TG mice. c The number of slips 
while traversing the balance beam for female mKOs and f TG mice. g The time to cross balance beam and h the 
number of slips on the beam for male mKO mice. In a to f n = 3 and in g to h n = 5 to 9 animals. Data show mean 
± SEM. Data for each mouse line were treated separately by comparing to its own line internal control. *p < 0.05; 
**p < 0.01; ***p < 0.001 indicate statistically significant differences between WT and KO or WT and TG. 
Significance was determined using two-tailed t-test.  




9.2.2 Age progression of male PGC-1α mKO and TG mice  
We next wondered if altered proprioceptive synapse content or distribution at young age 
would affect balance performance at old age. To answer that question, we performed 
balance beam and Rotarod as well as gait analysis tests with 15-month-old male PGC-1α 
mKO and re-evaluated them in regular intervals. Independently of the genotype, aged 
mice crossed the balance beam significantly slower than 7-month-old mice (Fig. 32a) and 
tended to slip more (Fig. 32b). Concomitantly, Rotarod performance (Fig. 32c) also 
tended to decline with age. Moreover, aged mice moved significantly slower (Fig. 32d) 
and took less steps per second (Fig. 32e). In addition, at 20 months of age, mice took 
significantly smaller steps (Fig. 32f) and their hind paws were located farther away from 
each other than in your mice (Fig. 32h). However, despite significant age differences, we 
did not detect any changes due the loss of PGC-1α. Consistently, PGC-1α overexpression 
in aged mice also did not alter balance beam performance (Fig. 33a, b) or gait parameters 
(Fig. 33c to g).  
Nevertheless, we wanted to reproduce the observed decrease in vGlut1 synaptic content 
on motor neurons from female mice, in male PGC-1α mKO animals. To that end, we 
analysed the vGlut1 synaptic density of 7-month-old male PGC-1α mKO mice and found 
no difference between WT and mKO animals (Fig. 34a, b). 
In sum, we were unable to reproduce the previously observed balance phenotype in aged 
PGC-1α mKO and TG mice. Furthermore, our preliminary results on changed 
proprioceptive synapse content due to the deletion of PGC-1α in female mice could not 
be confirmed in male mice. 




Fig. 32: Age progression of balance, motor coordination in aged mKO mice 
 
In vivo age progression of a mKO mice. a The time to cross and b the number of slips on the balance beam. c The 
time to fall from Rotarod. d The body speed during locomotion and e the number of steps per seconds. f The stride 
length. g The horizontal distance between the front and h the hind paws. n = 5 to 9 animals per group. Data show 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between 7-month-
old and aged animals. Significance was determined using Anova followed by Sidak’s test.  




Fig. 33: Age progression of balance, motor coordination and balance in TG mice 
 
  In vivo age progression of a TG mice. a The time to cross and b The number of slips on the balance beam. c The 
body speed during locomotion and d stride length. e The number of steps per second. f The horizontal distance 
between the front and g the hind paws. n = 8 to 9 animals per group. Data show mean ± SEM. *p < 0.05; **p < 
0.01; ***p < 0.001 indicate statistically significant differences between 20-month-old and 25-month-old mice 
from. Significance was determined using Anova followed by Sidak’s test.  




Fig. 34: vGlut1 synaptic density of GS and TA motor neurons 
  
GS and TA motor neurons from 7-month-old male PGC-1α mKO mice were traced using g-protein deleted rabies 
virus and co-stained with vGlut1. a The synaptic density of GS and b TA motor neurons of 7-month-old male mKO 
mice. A minimum of 12 motor neurons from a minimum of 4 animals per group were analysed. Data show mean 
± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate statistically significant differences between WT and TGs 
Significance was determined using two-tailed t-test.  





In our preliminary study done with a small cohort of female mice, we found a reduction 
in proprioceptive synaptic density in the GS motor neuron pool from PGC-1α mKO.s. On 
the other hand, in TA motor neurons from PGC-1α TGs we observed a shift in the vGlut1 
synaptic distribution along the motor neuron branch farther away from the dendrite root. 
However, these changes on proprioceptive input to motor neurons did not translate to 
altered motorcoordination or balance in mice. Unfortunately, repetition of the observed 
reduction in vGlut1 proprioceptive density in male 7-month-old PGC-1α mKO did not 
reveal the same results as with female mice. This discrepancy could be due to inherent 
gender differences. However, since in our preliminary data in some conditions a limited 
amount of motor neurons from only two animals per group could be analysed, it is far 
more likely that the observed differences are due to sample bias.  
Previously, Gill et al, 2017 observed a striking decrease in balance performance already 
in 12-month old PGC-1α mKO compared to WT aged-matched control mice. On the other 
hand, 24-month-old PGC-1α TGs performed better on the balance beam than aged-
matched WT mice (Gill et al., 2017). However, in a new cohort of 12-months-old PGC-
1α mKO we did not observe decreased balance in these mice. An additional cohort of 
PGC-1α mKO and TG mice was followed over time until the age of 25 months. Also in 
these groups, we did not detect any alteration in balance or motorcoordination between 
mKOs and TG compared to their corresponding age-matched WT controls, although age-
associated changes in gait and balance compared to young mice were apparent. Since the 
mKO mice from the Gill et al, 2017 study tended to be heavier than their WT mice, it is 
possible that the increased body weight in this cohort could have negatively affected the 
balance beam performance. 




To conclude, skeletal-muscle derived PGC-1α does not modulate the proprioceptive input 
to motor neurons. Furthermore, PGC-1α overexpression or deletion in aged animals does 
not influence balance or motor coordination.  






Mice with muscle deletion (mKO) and overexpression (Tg) of PGC-1α were described 
previously (C. Handschin et al., 2007; Lin et al., 2002). Animal experiments were done 
with male and female that were bred in-house. In all experiments, PGC-1α mKO and TG 
were compared to their line internal WT control animals. Mice were fed ad libitum with 
regular chow diet and kept under a 12‐h/12‐h light–dark cycle at 23°C. All experiments 
were performed in accordance with the Swiss federal guidelines for animal 
experimentation and were approved by the Kantonales Veterinäramt of the Kanton Basel‐
Stadt. 
Rotarod  
Mice were put on a horizontal rotating rod (Ugo Basile) that was suspended from the 
ground. Since mice are naturally afraid to fall they will try hard to remain on the rotating 
rod. Mice were acclimatized for three consecutive days. On the first day, mice were put 
on the rotating rod three times for 3 min at 5rpm, the second day at 8rpm and third day at 
12rpm. On the day of testing, the rotation speed was gradually increased from 5rpm to 
68rpm during 7 min. The time until a mouse falls was recorded and the average of three 
trials was calculated as a measure for motor coordination.  
Balance beam test 
Mice were taught to cross an inclined beam. They were familiarized with the task 1 day 
before the testing by giving them three practice trials. Doing this, mice learned to expect 
a red hiding box at the end of the beam, which ensured the animal´s compliance. The time 
to cross the beam and the number of slips were measured to assess balance performance. 




The intermediate and old age group were tested on a round balance beam system while 
the 6-weeks-exercise group was tested on a square beam. Thus for the 6-weeks-exercise 
group an additional control group aged 7 months was used for baseline testing. 
Gait analysis 
The gait of mice was assessed using the CatWalk XT system by Noldus. Briefly, mice 
walked voluntarily across a glass platform. Several paw prints sequences were captured 
by a camera located under the platform and gait parameters were calculated using the 
Noldus software. 
Proprioceptive tracing 
Motor neuron pools from GS, TA and soleus muscles were retrogradely traced using a g-
protein deleted rabies virus as done previously (Basaldella et al., 2015). Briefly, muscles 
of anesthetized mice were injected with 5 µl of virus. After 4 days of incubation mice 
were anesthetized and transcardially perfused with 20 ml saline solution followed by 70 
ml 4% PFA in Phosphate buffer.  
Immunohistochemistry 
After perfusion, spinal cords were dissected and post-fixed overnight in 4% PFA followed 
by sucrose protection for 24 hours in 30% sucrose in PBS. Subsequently, spinal cords 
were frozen and cut in a cryostat. Spinal cord sections 60 µm thick were blocked 1 hour 
in 4% BSA 5% goat serum in 0.5% Triton-X-100 at room temperature and then incubated 
overnight in primary antibody at 4 ºC followed by three washes in PBS. Spinal cord 
sections were incubated overnight in secondary antibody at 4 ºC and then washed three 
times with PBS before sections were mounted. 




Microscopy and image analyses 
20 tiles and stacks of the motor neuron tree were imaged on a spinning disk Nikon eclipse 
connected to a Visitron system with a 63x objective. Stacks of 200 nm sampling and tiles 
were stitched together in Fiji. The motor neuron surface was reconstructed in Imaris and 
synapses were detected by the Imaris spot detection function. A matlab extension tool 
was used to calculate the number of spots touching the reconstructed motor neuron. The 
number of touching spots was normalized to the motor neuron surface 
Additionally, the synapse distribution on the motor neuron tree was analysed using 
Neurolucida. The outline of the motor neuron soma and the dendrites were manually 
traced. All synapses touching the motor neuron were marked and the software calculated 
the distance of this mark to the motor neuron soma. The number of synapses contacting 
directly the cell body were counted manually. For analyses, a minimum of three motor 







Aalto, H., Pyykkö, I., Juhola, M., & Jänttil, P. (1997). Changes in Vestibulo-ocular Reflex 
of Elderly People AU - Hirvonen, T. P. Acta Oto-Laryngologica, 117(sup529), 
108-110. doi:10.3109/00016489709124097 
Akay, T., Tourtellotte, W. G., Arber, S., & Jessell, T. M. (2014). Degradation of mouse 
locomotor pattern in the absence of proprioceptive sensory feedback. Proceedings 
of the National Academy of Sciences of the United States of America, 111(47), 
16877-16882. doi:10.1073/pnas.1419045111 
Alvarez, F. J., Titus-Mitchell, H. E., Bullinger, K. L., Kraszpulski, M., Nardelli, P., & 
Cope, T. C. (2011). Permanent central synaptic disconnection of proprioceptors 
after nerve injury and regeneration. I. Loss of VGLUT1/IA synapses on 
motoneurons. J Neurophysiol, 106(5), 2450-2470. doi:10.1152/jn.01095.2010 
Alvarez, J. C., Diaz, C., Suarez, C., Fernandez, J. A., Gonzalez del Rey, C., Navarro, A., 
& Tolivia, J. (1998). Neuronal loss in human medial vestibular nucleus. Anat Rec, 
251(4), 431-438.  
Alvarez, J. C., Dı́az, C., Suárez, C., Fernández, J. A., González del Rey, C., Navarro, A., 
& Tolivia, J. (2000). Aging and the human vestibular nuclei: morphometric 
analysis. Mech Ageing Dev, 114(3), 149-172. doi:https://doi.org/10.1016/S0047-
6374(00)00098-1 
Anderson, R., & Prolla, T. (2009). PGC-1α in aging and anti-aging interventions. 
Biochimica et Biophysica Acta (BBA). General Subjects, 1790(10), 1059-1066. 
doi:https://doi.org/10.1016/j.bbagen.2009.04.005 
Angelaki, D. E., & Cullen, K. E. (2008). Vestibular system: the many facets of a 
multimodal sense. Annu Rev Neurosci, 31, 125-150. 
doi:10.1146/annurev.neuro.31.060407.125555 
Antonellis, A., Goldfarb, L. G., & Sivakumar, K. (1993). GARS-Associated Axonal 
Neuropathy. GeneReviews((R)). Seattle (WA). 
Arnold, A.-S., Gill, J., Christe, M., Ruiz, R., McGuirk, S., St-Pierre, J., Handschin, C. 
(2014). Morphological and functional remodelling of the neuromuscular junction 
by skeletal muscle PGC-1α. Nature communications, 5, 3569. 
doi:10.1038/ncomms4569 
https://www.nature.com/articles/ncomms4569#supplementary-information 
Arshian, M. S., Hobson, C. E., Catanzaro, M. F., Miller, D. J., Puterbaugh, S. R., Cotter, 
L. A., McCall, A. A. (2014). Vestibular nucleus neurons respond to hindlimb 
movement in the decerebrate cat. J Neurophysiol, 111(12), 2423-2432. 
doi:10.1152/jn.00855.2013 
Aunan, J. R., Watson, M. M., Hagland, H. R., & Soreide, K. (2016). Molecular and 
biological hallmarks of ageing. Br J Surg, 103(2), e29-46. doi:10.1002/bjs.10053 
Baar, K., Wende, A. R., Jones, T. E., Marison, M., Nolte, L. A., Chen, M., Holloszy, J. 
O. (2002). Adaptations of skeletal muscle to exercise: rapid increase in the 
transcriptional coactivator PGC-1. 16(14), 1879-1886. doi:10.1096/fj.02-
0367.com 
Bacsi, A. M., & Colebatch, J. G. (2005). Evidence for reflex and perceptual vestibular 






Baloh, R. W., Jacobson, K. M., & Socotch, T. M. (1993). The effect of aging on visual-
vestibuloocular responses. Exp Brain Res, 95(3), 509-516. 
doi:10.1007/bf00227144 
Bankoul, S., Goto, T., Yates, B., & Wilson, V. J. (1995). Cervical primary afferent input 
to vestibulospinal neurons projecting to the cervical dorsal horn: An anterograde 
and retrograde tracing study in the cat. J Comp Neurol. 353(4), 529-538. 
doi:doi:10.1002/cne.903530405 
Basaldella, E., Takeoka, A., Sigrist, M., & Arber, S. (2015). Multisensory Signaling 
Shapes Vestibulo-Motor Circuit Specificity. Cell, 163(2), 301-312. 
doi:10.1016/j.cell.2015.09.023 
Baumgartner, R. N., Koehler, K. M., Gallagher, D., Romero, L., Heymsfield, S. B., Ross, 
R. R., Lindeman, R. D. (1998). Epidemiology of sarcopenia among the elderly in 
New Mexico. Am J Epidemiol, 147(8), 755-763.  
Bejma, J., & Ji, L. L. (1999). Aging and acute exercise enhance free radical generation in 
rat skeletal muscle. Journal of applied physiology, 87(1), 465-470. 
doi:10.1152/jappl.1999.87.1.465 
Bergström, B. (1973). Morphology Of The Vestibular Nerve: II. The Number Of 
Myelinated Vestibular Nerve Fibers In Man At Various Ages. Acta Oto-
Laryngologica, 76(1-6), 173-179. doi:10.3109/00016487309121496 
Besnard, S., Tighilet, B., Chabbert, C., Hitier, M., Toulouse, J., Le Gall, A., Smith, P. F. 
(2018). The balance of sleep: Role of the vestibular sensory system. Sleep 
Medicine Reviews, 42, 220-228. doi:https://doi.org/10.1016/j.smrv.2018.09.001 
Bewick, G. S., & Banks, R. W. J. P. A.-E. J. o. P. (2015). Mechanotransduction in the 
muscle spindle. European journal of physiology 467(1), 175-190. 
doi:10.1007/s00424-014-1536-9 
Bewick, G. S., Reid, B., Richardson, C., & Banks, R. W. (2005). Autogenic modulation 
of mechanoreceptor excitability by glutamate release from synaptic-like vesicles: 
evidence from the rat muscle spindle primary sensory ending. The Journal of 
physiology, 562(Pt 2), 381-394. doi:10.1113/jphysiol.2004.074799 
Bobinski, F., Martins, D. F., Bratti, T., Mazzardo-Martins, L., Winkelmann-Duarte, E. 
C., Guglielmo, L. G. A., & Santos, A. R. S. (2011). Neuroprotective and 
neuroregenerative effects of low-intensity aerobic exercise on sciatic nerve crush 
injury in mice. Neuroscience, 194, 337-348. 
doi:https://doi.org/10.1016/j.neuroscience.2011.07.075 
Booth, F. W., Laye, M. J., & Roberts, M. D. (2011). Lifetime sedentary living accelerates 
some aspects of secondary aging. 111(5), 1497-1504. 
doi:10.1152/japplphysiol.00420.2011 
Bostrom, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C., Spiegelman, B. 
M. (2012). A PGC1-alpha-dependent myokine that drives brown-fat-like 
development of white fat and thermogenesis. Nature, 481(7382), 463-468. 
doi:10.1038/nature10777 
Boström, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C., Spiegelman, B. 
M. (2012). A PGC1-α-dependent myokine that drives brown-fat-like development 
of white fat and thermogenesis. Nature, 481, 463. doi:10.1038/nature10777 
https://www.nature.com/articles/nature10777#supplementary-information 
Brocard, F., Clarac, F., & Vinay, L. (2003). Gravity influences the development of inputs 





Brosel, S., Laub, C., Averdam, A., Bender, A., & Elstner, M. (2016). Molecular aging of 
the mammalian vestibular system. Ageing Res Rev, 26, 72-80. 
doi:10.1016/j.arr.2015.12.007 
Bullinger, K. L., Nardelli, P., Pinter, M. J., Alvarez, F. J., & Cope, T. C. (2011). 
Permanent central synaptic disconnection of proprioceptors after nerve injury and 
regeneration. II. Loss of functional connectivity with motoneurons. J 
Neurophysiol, 106(5), 2471-2485. doi:10.1152/jn.01097.2010 
Burns, A., & Zaudig, M. (2002). Mild cognitive impairment in older people. Lancet, 
360(9349), 1963-1965. doi:10.1016/S0140-6736(02)11920-9 
Butler, A. A., Lord, S. R., Rogers, M. W., & Fitzpatrick, R. C. (2008). Muscle weakness 
impairs the proprioceptive control of human standing. Brain Res, 1242, 244-251. 
doi:10.1016/j.brainres.2008.03.094 
Caccia, M. R., Harris, J. B., & Johnson, M. A. (1979). Morphology and physiology of 
skeletal muscle in aging rodents. Muscle & nerve, 2(3), 202-212. 
doi:10.1002/mus.880020308 
Cadore, E. L., Rodríguez-Mañas, L., Sinclair, A., & Izquierdo, M. (2013). Effects of 
Different Exercise Interventions on Risk of Falls, Gait Ability, and Balance in 
Physically Frail Older Adults: A Systematic Review. 16(2), 105-114. 
doi:10.1089/rej.2012.1397 
Callahan, D., Topinkova, E. J. D., & Aging. (1998). Is Aging a Preventable or Curable 
Disease? Drugs & Aging, 13(2), 93-97. doi:10.2165/00002512-199813020-00001 
Camicioli, R., Panzer, V. P., & Kaye, J. (1997). Balance in the healthy elderly: 
Posturography and clinical assessment. Archives of Neurology, 54(8), 976-981. 
doi:10.1001/archneur.1997.00550200040008 
Carter, N. D., Kannus, P., & Khan, K. M. (2001). Exercise in the prevention of falls in 
older people: a systematic literature review examining the rationale and the 
evidence. Sports Med, 31(6), 427-438.  
Caserotti, P., Aagaard, P., Larsen, J. B., & Puggaard, L. (2008). Explosive heavy-
resistance training in old and very old adults: changes in rapid muscle force, 
strength and power. Scand J Med Sci Sports, 18(6), 773-782. doi:10.1111/j.1600-
0838.2007.00732.x 
Chakkalakal, J. V., Nishimune, H., Ruas, J. L., Spiegelman, B. M., & Sanes, J. R. (2010). 
Retrograde influence of muscle fibers on their innervation revealed by a novel 
marker for slow motoneurons. Development, 137(20), 3489-3499. 
doi:10.1242/dev.053348 
Chard, P. S., Bleakman, D., Christakos, S., Fullmer, C. S., & Miller, R. J. (1993). Calcium 
buffering properties of calbindin D28k and parvalbumin in rat sensory neurones. 
The Journal of physiology, 472(1), 341-357. 
doi:doi:10.1113/jphysiol.1993.sp019950 
Charlier, R., Mertens, E., Lefevre, J., & Thomis, M. (2015). Muscle mass and muscle 
function over the adult life span: a cross-sectional study in Flemish adults. Arch 
Gerontol Geriatr, 61(2), 161-167. doi:10.1016/j.archger.2015.06.009 
Coleman, P. D., & Flood, D. G. (1987). Neuron numbers and dendritic extent in normal 
aging and Alzheimer's disease. Neurobiol Aging, 8(6), 521-545.  
Collier, T. J., Kanaan, N. M., & Kordower, J. H. (2011). Ageing as a primary risk factor 
for Parkinson's disease: evidence from studies of non-human primates. Nat Rev 





Conboy, I. M., & Rando, T. A. (2005). Aging, stem cells and tissue regeneration: lessons 
from muscle. Cell Cycle, 4(3), 407-410. doi:10.4161/cc.4.3.1518 
Cooper, C., Dere, W., Evans, W., Kanis, J. A., Rizzoli, R., Sayer, A. A., Reginster, J. Y. 
(2012). Frailty and sarcopenia: definitions and outcome parameters. Osteoporos 
Int, 23(7), 1839-1848. doi:10.1007/s00198-012-1913-1 
Copray, J. C., & Brouwer, N. (1997). Neurotrophin-3 mRNA expression in rat intrafusal 
muscle fibres after denervation and reinnervation. Neurosci Lett, 236(1), 41-44.  
Cruz-Sanchez, F. F., Moral, A., Tolosa, E., de Belleroche, J., & Rossi, M. L. (1998). 
Evaluation of neuronal loss, astrocytosis and abnormalities of cytoskeletal 
components of large motor neurons in the human anterior horn in aging. J Neural 
Transm (Vienna), 105(6-7), 689-701. doi:10.1007/s007020050088 
Cullen, K. E. (2016). Chapter 2 - Physiology of central pathways. In J. M. Furman & T. 
Lempert (Eds.), Handbook of Clinical Neurology (Vol. 137, pp. 17-40): Elsevier. 
Cuppini, R., Sartini, S., Agostini, D., Guescini, M., Ambrogini, P., Betti, M., Stocchi, V. 
(2007). Bdnf expression in rat skeletal muscle after acute or repeated exercise. 
Arch Ital Biol, 145(2), 99-110.  
de Nooij, J. C., Doobar, S., & Jessell, T. M. (2013). Etv1 inactivation reveals 
proprioceptor subclasses that reflect the level of NT3 expression in muscle targets. 
Neuron, 77(6), 1055-1068. doi:10.1016/j.neuron.2013.01.015 
Deng, L. X., Deng, P., Ruan, Y., Xu, Z. C., Liu, N. K., Wen, X., Xu, X. M. (2013). A 
novel growth-promoting pathway formed by GDNF-overexpressing Schwann 
cells promotes propriospinal axonal regeneration, synapse formation, and partial 
recovery of function after spinal cord injury. J Neurosci, 33(13), 5655-5667. 
doi:10.1523/JNEUROSCI.2973-12.2013 
Deschenes, M. R. (2004). Effects of aging on muscle fibre type and size. Sports Med, 
34(12), 809-824. doi:10.2165/00007256-200434120-00002 
Deschenes, M. R., Roby, M. A., Eason, M. K., & Harris, M. B. (2010). Remodeling of 
the neuromuscular junction precedes sarcopenia related alterations in myofibers. 
Experimental gerontology, 45(5), 389-393. doi:10.1016/j.exger.2010.03.007 
Diaz, C., Suarez, C., Navarro, A., Gonzalez del Rey, C., & Tolivia, J. (1993). 
Rostrocaudal changes in neuronal cell size in human lateral vestibular nucleus. 
Neurosci Lett, 157(1), 4-6.  
Dimitriou, M. (2014). Human Muscle Spindle Sensitivity Reflects the Balance of Activity 
between Antagonistic Muscles. J The Journal of Neuroscience 34(41), 13644-
13655. doi:10.1523/JNEUROSCI.2611-14.2014  
Dogra, S., & Stathokostas, L. (2012). Sedentary Behavior and Physical Activity Are 
Independent Predictors of Successful Aging in Middle-Aged and Older Adults, J 
Journal of Aging Research, 2012, 8. doi:10.1155/2012/190654 
Dorfman, L. J., & Bosley, T. M. (1979). Age-related changes in peripheral and central 
nerve conduction in man. Neurology, 29(1), 38-44.  
Duchen, M. R. (2012). Mitochondria, calcium-dependent neuronal death and 
neurodegenerative disease. European Journal of Physiology, 464(1), 111-121. 
doi:10.1007/s00424-012-1112-0 
Eibling, D. (2018). Balance Disorders in Older Adults. Clinics in Geriatric Medicine, 
34(2), 175-181. doi:https://doi.org/10.1016/j.cger.2018.01.002 
Eisen, A., Entezari-Taher, M., & Stewart, H. (1996). Cortical projections to spinal 
motoneurons: changes with aging and amyotrophic lateral sclerosis. Neurology, 





Endo, T., & Onaya, T. (1986). Parvalbumin is reduced in the peripheral nerves of diabetic 
rats. J Clin Invest, 78(5), 1161-1164. doi:10.1172/JCI112697 
English, A. W., Wilhelm, J. C., & Ward, P. J. (2014). Exercise, neurotrophins, and axon 
regeneration in the PNS. Physiology (Bethesda), 29(6), 437-445. 
doi:10.1152/physiol.00028.2014 
Ernfors, P., Lee, K.-F., & Jaenisch, R. (1994). Mice lacking brain-derived neurotrophic 
factor develop with sensory deficits. Nature, 368(6467), 147-150. 
doi:10.1038/368147a0 
Ernfors, P., Lee, K. F., Kucera, J., & Jaenisch, R. (1994). Lack of neurotrophin-3 leads to 
deficiencies in the peripheral nervous system and loss of limb proprioceptive 
afferents. Cell, 77(4), 503-512.  
Franse, C. B., Rietjens, J. A., Burdorf, A., van Grieken, A., Korfage, I. J., van der Heide, 
A., Raat, H. (2017). A prospective study on the variation in falling and fall risk 
among community-dwelling older citizens in 12 European countries. BMJ Open, 
7(6), e015827. doi:10.1136/bmjopen-2017-015827 
Friese, A., Kaltschmidt, J. A., Ladle, D. R., Sigrist, M., Jessell, T. M., & Arber, S. (2009). 
Gamma and alpha motor neurons distinguished by expression of transcription 
factor Err3. Proceedings of the National Academy of Sciences of the United States 
of America, 106(32), 13588-13593. doi:10.1073/pnas.0906809106 
Fulle, S., Protasi, F., Di Tano, G., Pietrangelo, T., Beltramin, A., Boncompagni, S., Fano, 
G. (2004). The contribution of reactive oxygen species to sarcopenia and muscle 
ageing. Exp Gerontol, 39(1), 17-24.  
Fuller, G. F. (2000). Falls in the elderly. Am Fam Physician, 61(7), 2159-2168, 2173-
2154.  
Funakoshi, H., Belluardo, N., Arenas, E., Yamamoto, Y., Casabona, A., Persson, H., & 
Ibanez, C. (1995). Muscle-derived neurotrophin-4 as an activity-dependent 
trophic signal for adult motor neurons. 268(5216), 1495-1499. 
doi:10.1126/science.7770776. 
Gauchard, G. C., Gangloff, P., Jeandel, C., & Perrin, P. P. (2003). Physical activity 
improves gaze and posture control in the elderly. Neuroscience Research, 45(4), 
409-417. doi:https://doi.org/10.1016/S0168-0102(03)00008-7 
Ghosh, S., Lertwattanarak, R., Lefort, N., Molina-Carrion, M., Joya-Galeana, J., Bowen, 
B. P., Musi, N. (2011). Reduction in reactive oxygen species production by 
mitochondria from elderly subjects with normal and impaired glucose tolerance. 
Diabetes, 60(8), 2051-2060. doi:10.2337/db11-0121 
Gill, J. F., Santos, G., Schnyder, S., & Handschin, C. (2017). PGC-1alpha affects aging-
related changes in muscle and motor function by modulating specific exercise-
mediated changes in old mice. Aging Cell. doi:10.1111/acel.12697 
Gillain, S., & Petermans, J. (2013). Contribution of new techniques to study the gait in 
old populations. Ann Phys Rehabil Med, 56(5), 384-395. 
doi:10.1016/j.rehab.2013.05.002 
Gomez-Pinilla, F., Ying, Z., Opazo, P., Roy, R. R., & Edgerton, V. R. (2001). Differential 
regulation by exercise of BDNF and NT-3 in rat spinal cord and skeletal muscle. 
Eur J Neurosci, 13(6), 1078-1084.  
Gopen, Q., Lopez, I., Ishiyama, G., Baloh, R. W., & Ishiyama, A. (2003). Unbiased 
Stereologic Type I and Type II Hair Cell Counts in Human Utricular Macula. The 





Gorokhova, S., Gaillard, S., & Gascon, E. (2009). Spindle-derived NT3 in sensorimotor 
connections: principal role at later stages. J Neurosci, 29(33), 10181-10183. 
doi:10.1523/JNEUROSCI.2741-09.2009 
Gould, T. W., Yonemura, S., Oppenheim, R. W., Ohmori, S., & Enomoto, H. (2008). The 
Neurotrophic Effects of Glial Cell Line-Derived Neurotrophic Factor on Spinal 
Motoneurons Are Restricted to Fusimotor Subtypes. J The Journal of 
Neuroscience 28(9), 2131-2146. doi:10.1523/JNEUROSCI.5185-07.2008. 
Graber, T. G., Ferguson-Stegall, L., Liu, H., & Thompson, L. V. (2015). Voluntary 
Aerobic Exercise Reverses Frailty in Old Mice. J Gerontol A Biol Sci Med Sci, 
70(9), 1045-1058. doi:10.1093/gerona/glu163 
Guillet, C., Auguste, P., Mayo, W., Kreher, P., & Gascan, H. (1999). Ciliary neurotrophic 
factor is a regulator of muscular strength in aging. J Neurosci, 19(4), 1257-1262.  
Handschin, C. (2010). Regulation of skeletal muscle cell plasticity by the peroxisome 
proliferator-activated receptor gamma coactivator 1 alpha. Journal of Receptors 
and Signal Transduction, 30(6), 376-384. doi:Doi 10.3109/10799891003641074 
Handschin, C., Chin, S., Li, P., Liu, F., Maratos-Flier, E., LeBrasseur, N. K., Spiegelman, 
B. M. (2007). Skeletal Muscle Fiber-type Switching, Exercise Intolerance, and 
Myopathy in PGC-1α Muscle-specific Knock-out Animals. J Recept Sig Transd 
282(41), 30014-30021. doi:10.1074/jbc.M704817200 
Handschin, C., Choi, C. S., Chin, S., Kim, S., Kawamori, D., Kurpad, A. J., Spiegelman, 
B. M. (2007). Abnormal glucose homeostasis in skeletal muscle-specific PGC-
1alpha knockout mice reveals skeletal muscle-pancreatic beta cell crosstalk. J 
Clin Invest, 117(11), 3463-3474. doi:10.1172/JCI31785 
Harridge, S. D. R., & Lazarus, N. R. (2017). Physical Activity, Aging, and Physiological 
Function. Physiology (Bethesda) 32(2), 152-161. 
doi:10.1152/physiol.00029.2016 
Hashizume, K., & Kanda, K. (1995). Differential effects of aging on motoneurons and 
peripheral nerves innervating the hindlimb and forelimb muscles of rats. 
Neuroscience Research, 22(2), 189-196. doi:https://doi.org/10.1016/0168-
0102(95)00889-3 
Hayflick, L. (2007). Biological aging is no longer an unsolved problem. Ann N Y Acad 
Sci, 1100, 1-13. doi:10.1196/annals.1395.001 
Heath, J. M., & Stuart, M. R. (2002). Prescribing exercise for frail elders. J Am Board 
Fam Pract, 15(3), 218-228.  
Hippenmeyer, S., Shneider, N. A., Birchmeier, C., Burden, S. J., Jessell, T. M., & Arber, 
S. (2002). A Role for Neuregulin1 Signaling in Muscle Spindle Differentiation. 
Neuron, 36(6), 1035-1049. doi:https://doi.org/10.1016/S0896-6273(02)01101-7 
Houle, J. D., & Cote, M. P. (2013). Axon regeneration and exercise-dependent plasticity 
after spinal cord injury. Ann N Y Acad Sci, 1279, 154-163. 
doi:10.1111/nyas.12052 
Huang, E. J., & Reichardt, L. F. (2001). Neurotrophins: roles in neuronal development 
and function. Annu Rev Neurosci, 24, 677-736. 
doi:10.1146/annurev.neuro.24.1.677 
Hughes, K. J., Salmon, N., Galvin, R., Casey, B., & Clifford, A. M. (2018). Interventions 
to improve adherence to exercise therapy for falls prevention in community-






Hunter, S. K., Pereira, H. M., & Keenan, K. G. (2016). The aging neuromuscular system 
and motor performance. Journal of applied physiology, 121(4), 982-995. 
doi:10.1152/japplphysiol.00475.2016 
Ince, P., Stout, N., Shaw, P., Slade, J., Hunziker, W., Heizmann, C. W., & Baimbridge, 
K. G. (1993). Parvalbumin and calbindin D-28k in the human motor system and 
in motor neuron disease. Neuropathol Appl Neurobiol, 19(4), 291-299.  
Inoue, K., Ozaki, S., Shiga, T., Ito, K., Masuda, T., Okado, N., . . . Ito, Y. (2002). Runx3 
controls the axonal projection of proprioceptive dorsal root ganglion neurons. Nat 
Neurosci, 5(10), 946-954. doi:10.1038/nn925 
Jackson, J. R., Kirby, T. J., Fry, C. S., Cooper, R. L., McCarthy, J. J., Peterson, C. A., & 
Dupont-Versteegden, E. E. (2015). Reduced voluntary running performance is 
associated with impaired coordination as a result of muscle satellite cell depletion 
in adult mice. Skelet Muscle, 5, 41. doi:10.1186/s13395-015-0065-3 
Jami, L. (1992). Golgi tendon organs in mammalian skeletal muscle: functional properties 
and central actions. Physiological reviews, 72(3), 623-666. 
doi:10.1152/physrev.1992.72.3.623 
Jamon, M. (2014). The development of vestibular system and related functions in 
mammals: impact of gravity. Frontiers in integrative neuroscience, 8, 11-11. 
doi:10.3389/fnint.2014.00011 
Jang, Y. C., & Van Remmen, H. (2011). Age-associated alterations of the neuromuscular 
junction. Exp Gerontol, 46(2-3), 193-198. doi:10.1016/j.exger.2010.08.029 
Janssen, I., Heymsfield, S. B., Wang, Z. M., & Ross, R. (2000). Skeletal muscle mass and 
distribution in 468 men and women aged 18-88 yr. Journal of applied physiology, 
89(1), 81-88.  
Jeronimo, A., Jeronimo, C. A. D., Filho, O. A. R., Sanada, L. S., & Fazan, V. P. S. (2008). 
A morphometric study on the longitudinal and lateral symmetry of the sural nerve 
in mature and aging female rats. Brain Res, 1222, 51-60. 
doi:https://doi.org/10.1016/j.brainres.2008.05.055 
Johnson, M. L., Robinson, M. M., & Nair, K. S. (2013). Skeletal muscle aging and the 
mitochondrion. Trends in endocrinology and metabolism: TEM, 24(5), 247-256. 
doi:10.1016/j.tem.2012.12.003 
Jones, R. A., Harrison, C., Eaton, S. L., Llavero Hurtado, M., Graham, L. C., 
Alkhammash, L., . . . Gillingwater, T. H. (2017). Cellular and Molecular Anatomy 
of the Human Neuromuscular Junction. Cell Rep, 21(9), 2348-2356. 
doi:10.1016/j.celrep.2017.11.008 
Kandel Eric R., S. J. H., Jessell Thomas M., Siegelbaum Steven A. , Hudspeth A. J. (2012 
Principles of Neural Science). Principles of Neural Science McGraw-Hill 
Education Ltd. 
Kanning, K. C., Kaplan, A., & Henderson, C. E. (2010). Motor Neuron Diversity in 
Development and Disease. 33(1), 409-440. 
doi:10.1146/annurev.neuro.051508.135722 
Kararizou, E., Manta, P., Kalfakis, N., & Vassilopoulos, D. (2005). Morphometric study 
of the human muscle spindle. Anal Quant Cytol Histol, 27(1), 1-4.  
Khan, S., & Chang, R. (2013). Anatomy of the vestibular system: a review. 
NeuroRehabilitation, 32(3), 437-443. doi:10.3233/NRE-130866 
Kido, A., Tanaka, N., & Stein, R. B. (2004). Spinal excitation and inhibition decrease as 






Kim, G. H., Suzuki, S., & Kanda, K. (2007). Age-related physiological and 
morphological changes of muscle spindles in rats. The Journal of physiology, 
582(Pt 2), 525-538. doi:10.1113/jphysiol.2007.130120 
King, M. B., Whipple, R. H., Gruman, C. A., Judge, J. O., Schmidt, J. A., & Wolfson, L. 
I. (2002). The performance enhancement project: Improving physical 
performance in older persons. Archives of Physical Medicine and Rehabilitation, 
83(8), 1060-1069. doi:https://doi.org/10.1053/apmr.2002.33653 
Kingma, H., & van de Berg, R. (2016). Chapter 1 - Anatomy, physiology, and physics of 
the peripheral vestibular system. In J. M. Furman & T. Lempert (Eds.), Handbook 
of Clinical Neurology (Vol. 137, pp. 1-16): Elsevier. 
Koopman, R., & van Loon, L. J. (2009). Aging, exercise, and muscle protein metabolism. 
Journal of applied physiology, 106(6), 2040-2048. 
doi:10.1152/japplphysiol.91551.2008 
Krause Neto, W., Silva, W. d. A., Ciena, A. P., de Souza, R. R., Anaruma, C. A., & Gama, 
E. F. (2017). Aging Induces Changes in the Somatic Nerve and Postsynaptic 
Component without Any Alterations in Skeletal Muscles Morphology and 
Capacity to Carry Load of Wistar Rats. Frontiers in neuroscience, 11, 688-688. 
doi:10.3389/fnins.2017.00688 
Krishnan, V. S., White, Z., McMahon, C. D., Hodgetts, S. I., Fitzgerald, M., Shavlakadze, 
T., . . . Grounds, M. D. (2016). A Neurogenic Perspective of Sarcopenia: Time 
Course Study of Sciatic Nerves From Aging Mice. J Neuropathol Exp Neurol, 
75(5), 464-478. doi:10.1093/jnen/nlw019 
Kucera, J., & Walro, J. M. (1992). Formation of muscle spindles in the absence of motor 
innervation. Neurosci Lett, 145(1), 47-50.  
Kulakowski, S. A., Parker, S. D., & Personius, K. E. (2011). Reduced TrkB expression 
results in precocious age-like changes in neuromuscular structure, 
neurotransmission, and muscle function. Journal of applied physiology, 111(3), 
844-852. doi:10.1152/japplphysiol.00070.2011 
Kwon, Y. N., & Yoon, S. S. (2017). Sarcopenia: Neurological Point of View. J Bone 
Metab, 24(2), 83-89. doi:10.11005/jbm.2017.24.2.83 
Lei, Y., & Wang, J. (2018). The effect of proprioceptive acuity variability on motor 
adaptation in older adults. Exp Brain Res, 236(2), 599-608. doi:10.1007/s00221-
017-5150-x 
Leick, L., Lyngby, S. S., Wojtasewski, J. F. P., & Pilegaard, H. (2010). PGC-1α is 
required for training-induced prevention of age-associated decline in 
mitochondrial enzymes in mouse skeletal muscle. Experimental gerontology, 
45(5), 336-342. doi:https://doi.org/10.1016/j.exger.2010.01.011 
Lelard, T., & Ahmaidi, S. (2015). Effects of physical training on age-related balance and 
postural control. Neurophysiol Clin, 45(4-5), 357-369. 
doi:10.1016/j.neucli.2015.09.008 
Leu, M., Bellmunt, E., Schwander, M., Fariñas, I., Brenner, H. R., & Müller, U. (2003). 
Erbb2 regulates neuromuscular synapse formation and is essential for muscle 
spindle development. 130(11), 2291-2301. doi:10.1242/dev.00447 %J 
Development 
Lexell, J. (1995). Human aging, muscle mass, and fiber type composition. J Gerontol A 
Biol Sci Med Sci, 50 Spec No, 11-16.  
Lexell, J., Henriksson-Larsen, K., Winblad, B., & Sjostrom, M. (1983). Distribution of 





muscle cross sections. Muscle & nerve, 6(8), 588-595. 
doi:10.1002/mus.880060809 
Li, K. Z., & Lindenberger, U. (2002). Relations between aging sensory/sensorimotor and 
cognitive functions. Neurosci Biobehav Rev, 26(7), 777-783.  
Liang, H., Bacskai, T., Watson, C., & Paxinos, G. (2014). Projections from the lateral 
vestibular nucleus to the spinal cord in the mouse. Brain Struct Funct, 219(3), 
805-815. doi:10.1007/s00429-013-0536-4 
Lin, J., Wu, H., Tarr, P. T., Zhang, C.-Y., Wu, Z., Boss, O., . . . Spiegelman, B. M. (2002). 
Transcriptional co-activator PGC-1α drives the formation of slow-twitch muscle 
fibres. Nature, 418, 797. doi:10.1038/nature00904 
Ling, K. K., Lin, M. Y., Zingg, B., Feng, Z., & Ko, C. P. (2010). Synaptic defects in the 
spinal and neuromuscular circuitry in a mouse model of spinal muscular atrophy. 
PloS one, 5(11), e15457. doi:10.1371/journal.pone.0015457 
Ling, S. M., Conwit, R. A., Ferrucci, L., & Metter, E. J. (2009). Age-associated changes 
in motor unit physiology: observations from the Baltimore Longitudinal Study of 
Aging. Arch Phys Med Rehabil, 90(7), 1237-1240. 
doi:10.1016/j.apmr.2008.09.565 
Liu, J. X., Eriksson, P. O., Thornell, L. E., & Pedrosa-Domellof, F. (2005). Fiber content 
and myosin heavy chain composition of muscle spindles in aged human biceps 
brachii. J Histochem Cytochem, 53(4), 445-454. doi:10.1369/jhc.4A6257.2005 
Lopez, I., Honrubia, V., & Baloh, R. W. (1997). Aging and the human vestibular nucleus. 
J Vestib Res, 7(1), 77-85.  
Lopez, I., Ishiyama, G., Tang, Y., Tokita, J., Baloh, R. W., & Ishiyama, A. (2005). 
Regional estimates of hair cells and supporting cells in the human crista 
ampullaris. 82(3), 421-431. doi:doi:10.1002/jnr.20652 
Lopopolo, R. B., Greco, M., Sullivan, D., Craik, R. L., & Mangione, K. K. (2006). Effect 
of Therapeutic Exercise on Gait Speed in Community-Dwelling Elderly People: 
A Meta-analysis. Phys Ther, 86(4), 520-540. doi:10.1093/ptj/86.4.520 %J 
Physical Therapy 
Lord, S. R., & Ward, J. A. (1994). Age-associated differences in sensori-motor function 
and balance in community dwelling women. Age and ageing, 23(6), 452-460.  
Macefield, V. G., & Knellwolf, T. P. (2018). Functional properties of human muscle 
spindles. 120(2), 452-467. doi:10.1152/jn.00071.2018 
Mathews, M. A., Camp, A. J., & Murray, A. J. (2017). Reviewing the Role of the Efferent 
Vestibular System in Motor and Vestibular Circuits. Frontiers in physiology, 8, 
552-552. doi:10.3389/fphys.2017.00552 
Maxwell, N., Castro, R. W., Sutherland, N. M., Vaughan, K. L., Szarowicz, M. D., de 
Cabo, R., . . . Valdez, G. (2018). alpha-Motor neurons are spared from aging while 
their synaptic inputs degenerate in monkeys and mice. Aging Cell, 17(2). 
doi:10.1111/acel.12726 
McCall, A. A., Miller, D. M., DeMayo, W. M., Bourdages, G. H., & Yates, B. J. (2016). 
Vestibular nucleus neurons respond to hindlimb movement in the conscious cat. 
J Neurophysiol, 116(4), 1785-1794. doi:10.1152/jn.00414.2016 
McCall, A. A., Miller, D. M., & Yates, B. J. (2017). Descending Influences on 
Vestibulospinal and Vestibulosympathetic Reflexes. Front Neurol, 8, 112-112. 
doi:10.3389/fneur.2017.00112 
McCall, A. A., Moy, J. D., Puterbaugh, S. R., DeMayo, W. M., & Yates, B. J. (2013). 





following a bilateral labyrinthectomy. Journal of applied physiology (Bethesda, 
Md. : 1985), 114(6), 742-751. doi:10.1152/japplphysiol.01389.2012 
McCullough, M. J., Peplinski, N. G., Kinnell, K. R., & Spitsbergen, J. M. (2011). Glial 
cell line-derived neurotrophic factor protein content in rat skeletal muscle is 
altered by increased physical activity in vivo and in vitro. Neuroscience, 174, 234-
244. doi:10.1016/j.neuroscience.2010.11.016 
McGeoch, P. D. (2019). Can Vestibular Stimulation be Used to Treat Obesity? Bioessays, 
doi:10.1002/bies.201800197 
Mentis, G. Z., Blivis, D., Liu, W., Drobac, E., Crowder, M. E., Kong, L., O'Donovan, M. 
J. (2011). Early functional impairment of sensory-motor connectivity in a mouse 
model of spinal muscular atrophy. Neuron, 69(3), 453-467. 
doi:10.1016/j.neuron.2010.12.032 
Messina, S. (2018). New Directions for SMA Therapy. Journal of clinical medicine, 7(9), 
251. doi:10.3390/jcm7090251 
Ming, G.-L., & Song, H. (2011). Adult neurogenesis in the mammalian brain: significant 
answers and significant questions. Neuron, 70(4), 687-702. 
doi:10.1016/j.neuron.2011.05.001 
Ming, Y., Bergman, E., Edstrom, E., & Ulfhake, B. (1999a). Evidence for increased 
GDNF signaling in aged sensory and motor neurons. Neuroreport, 10(7), 1529-
1535.  
Ming, Y., Bergman, E., Edstrom, E., & Ulfhake, B. (1999b). Reciprocal changes in the 
expression of neurotrophin mRNAs in target tissues and peripheral nerves of aged 
rats. Neurosci Lett, 273(3), 187-190.  
Molteni, R., Zheng, J. Q., Ying, Z., Gomez-Pinilla, F., & Twiss, J. L. (2004). Voluntary 
exercise increases axonal regeneration from sensory neurons. Proceedings of the 
National Academy of Sciences of the United States of America, 101(22), 8473-
8478. doi:10.1073/pnas.0401443101 
Mori, R. L., Cotter, L. A., Arendt, H. E., Olsheski, C. J., & Yates, B. J. (2005). Effects of 
bilateral vestibular nucleus lesions on cardiovascular regulation in conscious cats. 
Journal of Applied Physiology, 98(2), 526-533. 
doi:10.1152/japplphysiol.00970.2004 
Moschovakis, A. K., Burke, R. E., & Fyffe, R. E. W. (1991). The size and dendritic 
structure of HRP-labeled gamma motoneurons in the cat spinal cord. The Journal 
of comparative Neurology, 311(4), 531-545. doi:doi:10.1002/cne.903110408 
Murman, D. L. (2015). The Impact of Age on Cognition. Seminars in hearing, 36(3), 111-
121. doi:10.1055/s-0035-1555115 
Murray, A. J., Croce, K., Belton, T., Akay, T., & Jessell, T. M. (2018). Balance Control 
Mediated by Vestibular Circuits Directing Limb Extension or Antagonist Muscle 
Co-activation. Cell Rep, 22(5), 1325-1338. doi:10.1016/j.celrep.2018.01.009 
Nair, K. S. (2005). Aging muscle. Am J Clin Nutr, 81(5), 953-963. 
doi:10.1093/ajcn/81.5.953 
Narici, M. V., & Maffulli, N. (2010). Sarcopenia: characteristics, mechanisms and 
functional significance. Br Med Bull, 95, 139-159. doi:10.1093/bmb/ldq008 
Nora D. Volkow, Ruben C. Gur, Gene-Jack Wang, Joanna S. Fowler, Paul J. Moberg, 
Yu-Shin Ding, Jean Logan. (1998). Association Between Decline in Brain 
Dopamine Activity With Age and Cognitive and Motor Impairment in Healthy 






Oghalai, J. S., Manolidis, S., Barth, J. L., Stewart, M. G., & Jenkins, H. A. (2000). 
Unrecognized benign paroxysmal positional vertigo in elderly patients. 
Otolaryngology - Head and Neck Surgery, 122(5), 630-634. 
doi:https://doi.org/10.1016/S0194-5998(00)70187-2 
Oliff, H. S., Berchtold, N. C., Isackson, P., & Cotman, C. W. (1998). Exercise-induced 
regulation of brain-derived neurotrophic factor (BDNF) transcripts in the rat 
hippocampus. Brain Res Mol Brain Res, 61(1-2), 147-153.  
Oliveira Fernandes, M., & Tourtellotte, W. G. (2015). Egr3-dependent muscle spindle 
stretch receptor intrafusal muscle fiber differentiation and fusimotor innervation 
homeostasis. J Neurosci, 35(14), 5566-5578. doi:10.1523/JNEUROSCI.0241-
15.2015 
Paige, G. D. (1992). Senescence of human visual-vestibular interactions. 1. Vestibulo-
ocular reflex and adaptive plasticity with aging. Journal of vestibular research : 
equilibrium & orientation, 2(2), 133-151.  
Palmieri, R. M., Ingersoll, C. D., & Hoffman, M. A. (2004). The hoffmann reflex: 
methodologic considerations and applications for use in sports medicine and 
athletic training research. Journal of athletic training, 39(3), 268-277.  
Park, J. J., Tang, Y., Lopez, I., & Ishiyama, A. (2001). Age-related change in the number 
of neurons in the human vestibular ganglion. J Comp Neurol, 431(4), 437-443. 
doi:10.1002/1096-9861(20010319)431:4<437::AID-CNE1081>3.0.CO;2-P 
Pearson, S. J., Young, A., Macaluso, A., Devito, G., Nimmo, M. A., Cobbold, M., & 
Harridge, S. D. (2002). Muscle function in elite master weightlifters. Med Sci 
Sports Exerc, 34(7), 1199-1206.  
Perrin, P. P., Gauchard, G. C., Perrot, C., & Jeandel, C. (1999). Effects of physical and 
sporting activities on balance control in elderly people. J British Journal of Sports 
Medicine, 33(2), 121-126. doi:10.1136/bjsm.33.2.12. 
Peters, R. (2006). Ageing and the brain. Postgrad Med J, 82(964), 84-88. 
doi:10.1136/pgmj.2005.036665 
Petrella, R. J., Lattanzio, P. J., & Nelson, M. G. (1997). Effect of age and activity on knee 
joint proprioception. Am J Phys Med Rehabil, 76(3), 235-241.  
Poliak, S., Norovich, A. L., Yamagata, M., Sanes, J. R., & Jessell, T. M. (2016). Muscle-
type Identity of Proprioceptors Specified by Spatially Restricted Signals from 
Limb Mesenchyme. Cell, 164(3), 512-525. doi:10.1016/j.cell.2015.12.049 
Pompeiano, O. (1972). Spinovestibular Relations: Anatomical and Physiological 
Aspects. In A. Brodal & O. Pompeiano (Eds.), Progress in Brain Research (Vol. 
37, pp. 263-296): Elsevier. 
Proske, U., & Gandevia, S. C. (2012). The proprioceptive senses: their roles in signaling 
body shape, body position and movement, and muscle force. Physiological 
reviews, 92(4), 1651-1697. doi:10.1152/physrev.00048.2011 
Pusceddu, I., Farrell, C. J., Di Pierro, A. M., Jani, E., Herrmann, W., & Herrmann, M. 
(2015). The role of telomeres and vitamin D in cellular aging and age-related 
diseases. Clin Chem Lab Med, 53(11), 1661-1678. doi:10.1515/cclm-2014-1184 
Ramírez-Jarquín, U. N., Lazo-Gómez, R., Tovar-y-Romo, L. B., & Tapia, R. (2014). 
Spinal inhibitory circuits and their role in motor neuron degeneration. 
Neuropharmacology, 82, 101-107. 
doi:https://doi.org/10.1016/j.neuropharm.2013.10.003 
Rando, T. A. (2005). Aging, Stem Cells and Tissue Regeneration: Lessons from Muscle 





Rauch, S. D., Velazquez-Villasenor, L., Dimitri, P. S., & Merchant, S. N. (2001). 
Decreasing Hair Cell Counts in Aging Humans. ANNALS NEW YORK ACADEMY 
OF SCIENCES, 942(1), 220-227. doi:10.1111/j.1749-6632.2001.tb03748.x 
Riley, R. (1992). Accidental falls and injuries among seniors. Health Rep.  
Romanovsky, D., Mrak, R. E., & Dobretsov, M. (2015). Age-dependent decline in density 
of human nerve and spinal ganglia neurons expressing the alpha3 isoform of 
Na/K-ATPase. Neuroscience, 310, 342-353. 
doi:10.1016/j.neuroscience.2015.09.034 
Rooks, D. S., Kiel, D. P., Parsons, C., & Hayes, W. C. (1997). Self-paced resistance 
training and walking exercise in community-dwelling older adults: effects on 
neuromotor performance. J Gerontol A Biol Sci Med Sci, 52(3), M161-168.  
Roos, M. R., Rice, C. L., & Vandervoort, A. A. (1997). Age-related changes in motor 
unit function. Muscle & nerve, 20(6), 679-690.  
Rooyackers, O. E., Adey, D. B., Ades, P. A., & Nair, K. S. (1996). Effect of age on in 
vivo rates of mitochondrial protein synthesis in human skeletal muscle. 
Proceedings of the National Academy of Sciences of the United States of America, 
93(26), 15364-15369.  
Roozbehi, A., Joghataei, M. T., Bakhtiyari, M., Mohammadi, J., Rad, P., & Delaviz, H. 
(2015). Age-associated changes on axonal regeneration and functional outcome 
after spinal cord injury in rats. Acta Med Iran, 53(5), 281-286.  
Rosales, R. L., & Dressler, D. (2010). On muscle spindles, dystonia and botulinum toxin. 
Eur J Neurol, 17 Suppl 1, 71-80. doi:10.1111/j.1468-1331.2010.03056.x 
Rosenberg, I. H. (1997). Sarcopenia: origins and clinical relevance. J Nutr, 127(5 Suppl), 
990S-991S. doi:10.1093/jn/127.5.990S 
Rubenstein, L. Z. (2006). Falls in older people: epidemiology, risk factors and strategies 
for prevention. Age and ageing, 35 Suppl 2, ii37-ii41. doi:10.1093/ageing/afl084 
Ruffieux, J., Mouthon, A., Keller, M., Walchli, M., & Taube, W. (2017). Behavioral and 
neural adaptations in response to five weeks of balance training in older adults: a 
randomized controlled trial. Journal of Negative Results in Biomedicine, 16. 
doi:ARTN 11 
10.1186/s12952-017-0076-1 
Russell, A. P., Feilchenfeldt, J., Schreiber, S., Praz, M., Crettenand, A., Gobelet, C., . . . 
Dériaz, O. (2003). Endurance Training in Humans Leads to Fiber Type-Specific 
Increases in Levels of Peroxisome Proliferator-Activated Receptor-γ Coactivator-
1 and Peroxisome Proliferator-Activated Receptor-α in Skeletal Muscle. J 
Diabetes 52(12), 2874-2881. doi:10.2337/diabetes.52.12.2874. 
Sadeghi, S. G., Minor, L. B., & Cullen, K. E. (2012). Neural correlates of sensory 
substitution in vestibular pathways following complete vestibular loss. J 
Neurosci, 32(42), 14685-14695. doi:10.1523/JNEUROSCI.2493-12.2012 
Saito, R., Mizukoshi, K., & Alford, B. R. (1993). Otoconia in Young and Elderly Persons: 
A Temporal Bone Study AU - Igarashi, Makoto. Acta Oto-Laryngologica, 
113(sup504), 26-29. doi:10.3109/00016489309128117 
Sakita, M., Murakami, S., & Fujino, H. (2016). Age-related morphological regression of 
myelinated fibers and capillary architecture of distal peripheral nerves in rats. 
BMC neuroscience, 17(1), 39-39. doi:10.1186/s12868-016-0277-4 
Sakuma, K., & Yamaguchi, A. (2011). The recent understanding of the neurotrophin's 






Saporta, M. A. (2014). Charcot-Marie-Tooth disease and other inherited neuropathies. 
Continuum (Minneap Minn), 20(5 Peripheral Nervous System Disorders), 1208-
1225. doi:10.1212/01.CON.0000455885.37169.4c 
Sato, H., Ohkawa, T., Uchino, Y., & Wilson, V. J. (1997). Excitatory connections 
between neurons of the central cervical nucleus and vestibular neurons in the cat. 
Exp Brain Res, 115(3), 381-386.  
Sattler, R., & Tymianski, M. J. J. o. M. M. (2000). Molecular mechanisms of calcium-
dependent excitotoxicity. Journal of Molecular Medicine 78(1), 3-13. 
doi:10.1007/s001090000077 
Sayer, A. A., Syddall, H., Martin, H., Patel, H., Baylis, D., & Cooper, C. (2008). The 
developmental origins of sarcopenia. The journal of nutrition, health & aging, 
12(7), 427-432.  
Scaglioni, G., Ferri, A., Minetti, A. E., Martin, A., Hoecke, J. V., Capodaglio, P., Narici, 
M. V. (2002). Plantar flexor activation capacity and H reflex in older adults: 
adaptations to strength training. J Appl Physiol (1985), 92(6), 2292-2302. 
doi:10.1152/japplphysiol.00367.2001 
Scahill, R. I., Frost, C., Jenkins, R., Whitwell, J. L., Rossor, M. N., & Fox, N. C. (2003). 
A longitudinal study of brain volume changes in normal aging using serial 
registered magnetic resonance imaging. Arch Neurol, 60(7), 989-994. 
doi:10.1001/archneur.60.7.989 
Schnyder, S., & Handschin, C. (2015). Skeletal muscle as an endocrine organ: PGC-
1alpha, myokines and exercise. Bone, 80, 115-125. 
doi:10.1016/j.bone.2015.02.008 
Schroder, J. M., Kemme, P. T., & Scholz, L. (1979). The fine structure of denervated and 
reinnervated muscle spindles: morphometric study of intrafusal muscle fibers. 
Acta Neuropathol, 46(1-2), 95-106.  
Seto-Ohshima, A. (1994). CALCIUM-BINDING PROTEINS IN THE CENTRAL 
NERVOUS SYSTEM. Acta Histochemica et Cytochemica, 27(2), 93-106. 
doi:10.1267/ahc.27.93 
Shaffer, S. W., & Harrison, A. L. (2007). Aging of the somatosensory system: a 
translational perspective. Phys Ther, 87(2), 193-207. doi:10.2522/ptj.20060083 
Sherrington, C. S. (1907). ON THE PROPRIO-CEPTIVE SYSTEM, ESPECIALLY IN 
ITS REFLEX ASPECT. Brain, 29(4), 467-482. doi:10.1093/brain/29.4.467 
Shigematsu, R., Chang, M., Yabushita, N., Sakai, T., Nakagaichi, M., Nho, H., & Tanaka, 
K. (2002). Dance-based aerobic exercise may improve indices of falling risk in 
older women. Age and ageing, 31(4), 261-266.  
Shneider, N. A., Mentis, G. Z., Schustak, J., & O'Donovan, M. J. (2009). Functionally 
reduced sensorimotor connections form with normal specificity despite abnormal 
muscle spindle development: the role of spindle-derived neurotrophin 3. J 
Neurosci, 29(15), 4719-4735. doi:10.1523/JNEUROSCI.5790-08.2009 
Short, K. R., Bigelow, M. L., Kahl, J., Singh, R., Coenen-Schimke, J., Raghavakaimal, 
S., & Nair, K. S. (2005). Decline in skeletal muscle mitochondrial function with 
aging in humans. Proceedings of the National Academy of Sciences of the United 
States of America, 102(15), 5618-5623. doi:10.1073/pnas.0501559102 
Simmons, V., & Hansen, P. D. (1996). Effectiveness of water exercise on postural 
mobility in the well elderly: an experimental study on balance enhancement. J 





Sjögren, J., Fransson, P.-A., Karlberg, M., Magnusson, M., & Tjernström, F. (2018). 
Functional Head Impulse Testing Might Be Useful for Assessing Vestibular 
Compensation After Unilateral Vestibular Loss. Front Neurol, 9, 979-979. 
doi:10.3389/fneur.2018.00979 
Sleigh, J. N., Dawes, J. M., West, S. J., Wei, N., Spaulding, E. L., Gomez-Martin, A., . . 
. Schiavo, G. (2017). Trk receptor signaling and sensory neuron fate are perturbed 
in human neuropathy caused by Gars mutations. Proceedings of the National 
Academy of Sciences of the United States of America, 114(16), E3324-E3333. 
doi:10.1073/pnas.1614557114 
Soukup, T., Pedrosa-Domellof, F., & Thornell, L. E. (1995). Expression of myosin heavy 
chain isoforms and myogenesis of intrafusal fibres in rat muscle spindles. Microsc 
Res Tech, 30(5), 390-407. doi:10.1002/jemt.1070300506 
Sturnieks, D. L., George, R. S., & Lord, S. R. (2008). Balance disorders in the elderly. 
Neurophysiologie Clinique/Clinical Neurophysiology, 38(6), 467-478. 
doi:https://doi.org/10.1016/j.neucli.2008.09.001 
Sturrock, R. R. (1989). Age related changes in neuron number in the mouse lateral 
vestibular nucleus. J Anat, 166, 227-232.  
Svennerholm, L., Bostrom, K., & Jungbjer, B. (1997). Changes in weight and 
compositions of major membrane components of human brain during the span of 
adult human life of Swedes. Acta Neuropathol, 94(4), 345-352.  
Swash, M., & Fox, K. P. (1972). The effect of age on human skeletal muscle studies of 
the morphology and innervation of muscle spindles. J Neurol Sci, 16(4), 417-432. 
doi:https://doi.org/10.1016/0022-510X(72)90048-2 
Tamaki, T., Hirata, M., & Uchiyama, Y. (2014). Qualitative alteration of peripheral motor 
system begins prior to appearance of typical sarcopenia syndrome in middle-aged 
rats. Frontiers in aging neuroscience, 6, 296. doi:10.3389/fnagi.2014.00296 
Tascioglu, A. B. (2005). Brief review of vestibular system anatomy and its higher order 
projections. Neuroanatomy.  
Taylor, M. D., Holdeman, A. S., Weltmer, S. G., Ryals, J. M., & Wright, D. E. (2005). 
Modulation of muscle spindle innervation by neurotrophin-3 following nerve 
injury. Exp Neurol, 191(1), 211-222. doi:10.1016/j.expneurol.2004.09.015 
Terao, S., Sobue, G., Hashizume, Y., Shimada, N., & Mitsuma, T. (1994). Age-related 
changes of the myelinated fibers in the human corticospinal tract: a quantitative 
analysis. Acta Neuropathol, 88(2), 137-142.  
Tighilet, B., & Chabbert, C. (2019). Adult neurogenesis promotes balance recovery after 
vestibular loss. Progress in Neurobiology. 
doi:https://doi.org/10.1016/j.pneurobio.2019.01.001 
Tomlinson, B. E., & Irving, D. (1977). The numbers of limb motor neurons in the human 
lumbosacral cord throughout life. J Neurol Sci, 34(2), 213-219.  
Tsang, W. W. N., & Hui-Chan, C. W. Y. (2003). Effects of Tai Chi on Joint 
Proprioception and Stability Limits in Elderly Subjects. Med Sci Sports Exerc, 
35(12), 1962-1971. doi:10.1249/01.Mss.0000099110.17311.A2 
Ugrenović, S., Jovanović, I., Vasović, L., Kundalić, B., Čukuranović, R., & Stefanović, 
V. J. A. S. I. (2016). Morphometric analysis of the diameter and g-ratio of the 
myelinated nerve fibers of the human sciatic nerve during the aging process. Anat 
Sci Int, 91(3), 238-245. doi:10.1007/s12565-015-0287-9 
Ulfhake, B., Bergman, E., Edstrom, E., Fundin, B. T., Johnson, H., Kullberg, S., & Ming, 





motoneurons: dissipation of target support? Mol Neurobiol, 21(3), 109-135. 
doi:10.1385/MN:21:3:109 
Valdez, G., Tapia, J. C., Kang, H., Clemenson, G. D., Jr., Gage, F. H., Lichtman, J. W., 
& Sanes, J. R. (2010). Attenuation of age-related changes in mouse 
neuromuscular synapses by caloric restriction and exercise. Proceedings of the 
National Academy of Sciences of the United States of America, 107(33), 14863-
14868. doi:10.1073/pnas.1002220107 
Vallbo, A. B. (1971). Muscle spindle response at the onset of isometric voluntary 
contractions in man. Time difference between fusimotor and skeletomotor effects. 
The Journal of physiology, 218(2), 405-431.  
van Meeteren, N. L. U., Brakkee, J. H., Hamers, F. P. T., Helders, P. J. M., & Gispen, W. 
H. (1997). Exercise training improves functional recovery and motor nerve 
conduction velocity after sciatic nerve crush lesion in the rat. Archives of Physical 
Medicine and Rehabilitation, 78(1), 70-77. doi:https://doi.org/10.1016/S0003-
9993(97)90013-7 
van Praag, H., Shubert, T., Zhao, C., & Gage, F. H. (2005). Exercise enhances learning 
and hippocampal neurogenesis in aged mice. J Neurosci, 25(38), 8680-8685. 
doi:10.1523/JNEUROSCI.1731-05.2005 
Vaughan, S. K., Kemp, Z., Hatzipetros, T., Vieira, F., & Valdez, G. (2015). Degeneration 
of proprioceptive sensory nerve endings in mice harboring amyotrophic lateral 
sclerosis-causing mutations. J Comp Neurol, 523(17), 2477-2494. 
doi:10.1002/cne.23848 
Vaughan, S. K., Stanley, O. L., & Valdez, G. (2016). Impact of Aging on Proprioceptive 
Sensory Neurons and Intrafusal Muscle Fibers in Mice. J Gerontol A Biol Sci Med 
Sci. doi:10.1093/gerona/glw175 
Velázquez-Villaseñor, L., Tsuji, K., Wall, C., Merchant, S. N., Glynn, R. J., & Rauch, S. 
D. (2000). Temporal Bone Studies of the Human Peripheral Vestibular System: 
2. Normative Scarpa's Ganglion Cell Data. Annals of Otology, Rhinology & 
Laryngology, 109(5_suppl), 14-19. doi:10.1177/00034894001090S503 
Verdijk, L. B., Gleeson, B. G., Jonkers, R. A. M., Meijer, K., Savelberg, H. H. C. M., 
Dendale, P., & van Loon, L. J. C. (2009). Skeletal Muscle Hypertrophy Following 
Resistance Training Is Accompanied by a Fiber Type–Specific Increase in 
Satellite Cell Content in Elderly Men. The Journals of Gerontology: Series A, 
64A(3), 332-339. doi:10.1093/gerona/gln050 
Verdu, E., Ceballos, D., Vilches, J. J., & Navarro, X. (2000). Influence of aging on 
peripheral nerve function and regeneration. J Peripher Nerv Syst, 5(4), 191-208.  
Verghese, J., Ambrose, A. F., Lipton, R. B., & Wang, C. (2010). Neurological gait 
abnormalities and risk of falls in older adults. J Neurol, 257(3), 392-398. 
doi:10.1007/s00415-009-5332-y 
Verghese, J., Robbins, M., Holtzer, R., Zimmerman, M., Wang, C., Xue, X., & Lipton, 
R. B. (2008). Gait dysfunction in mild cognitive impairment syndromes. J Am 
Geriatr Soc, 56(7), 1244-1251. doi:10.1111/j.1532-5415.2008.01758.x 
Villalon, E., Jones, M. R., Sibigtroth, C., Zino, S. J., Dale, J. M., Landayan, D. S., . . . 
Garcia, M. L. (2017). Muscle spindle alterations precede onset of sensorimotor 






Walro, J. M., & Kucera, J. (1999). Why adult mammalian intrafusal and extrafusal fibers 
contain different myosin heavy-chain isoforms. Trends in Neurosciences, 22(4), 
180-184. doi:https://doi.org/10.1016/S0166-2236(98)01339-3 
Walsh, M. E., Sloane, L. B., Fischer, K. E., Austad, S. N., Richardson, A., & Van 
Remmen, H. (2015). Use of Nerve Conduction Velocity to Assess Peripheral 
Nerve Health in Aging Mice. J Gerontol A Biol Sci Med Sci, 70(11), 1312-1319. 
doi:10.1093/gerona/glu208 
White, Z., Terrill, J., White, R. B., McMahon, C., Sheard, P., Grounds, M. D., & 
Shavlakadze, T. (2016). Voluntary resistance wheel exercise from mid-life 
prevents sarcopenia and increases markers of mitochondrial function and 
autophagy in muscles of old male and female C57BL/6J mice. Skelet Muscle, 6(1), 
45. doi:10.1186/s13395-016-0117-3 
Whitehead, J., Keller-Peck, C., Kucera, J., & Tourtellotte, W. G. (2005). Glial cell-line 
derived neurotrophic factor-dependent fusimotor neuron survival during 
development. Mechanisms of Development, 122(1), 27-41. 
doi:https://doi.org/10.1016/j.mod.2004.09.003 
Whitman, G. T. (2018). Dizziness. The American Journal of Medicine, 131(12), 1431-
1437. doi:https://doi.org/10.1016/j.amjmed.2018.05.014 
Windhorst, U. (2007). Muscle proprioceptive feedback and spinal networks. Brain Res 
Bull, 73(4-6), 155-202. doi:10.1016/j.brainresbull.2007.03.010 
Wolf, J. H., & English, A. W. (2000). Muscle Spindle Reinnervation following Phenol 
Block. Cells Tissues Organs, 166(4), 325-329. doi:10.1159/000016747 
Woo, S.-H., Lukacs, V., de Nooij, J. C., Zaytseva, D., Criddle, C. R., Francisco, A., 
Patapoutian, A. (2015). Piezo2 is the principal mechanotransduction channel for 
proprioception. Nature Neuroscience, 18, 1756. doi:10.1038/nn.4162 
https://www.nature.com/articles/nn.4162#supplementary-information 
Wootz, H., Fitzsimons-Kantamneni, E., Larhammar, M., Rotterman, T. M., Enjin, A., 
Patra, K., Alvarez, F. J. (2013). Alterations in the motor neuron-renshaw cell 
circuit in the Sod1(G93A) mouse model. J Comp Neurol, 521(7), 1449-1469. 
doi:10.1002/cne.23266 
Wright, D. E., Williams, J. M., McDonald, J. T., Carlsten, J. A., & Taylor, M. D. (2002). 
Muscle-derived neurotrophin-3 reduces injury-induced proprioceptive 
degeneration in neonatal mice. J Neurobiol, 50(3), 198-208.  
Wright, D. E., Zhou, L., Kucera, J., & Snider, W. D. (1997). Introduction of a 
Neurotrophin-3 Transgene into Muscle Selectively Rescues Proprioceptive 
Neurons in Mice Lacking Endogenous Neurotrophin-3. Neuron, 19(3), 503-517. 
doi:https://doi.org/10.1016/S0896-6273(00)80367-0 
Wu, S. X., Koshimizu, Y., Feng, Y. P., Okamoto, K., Fujiyama, F., Hioki, H., Mizuno, 
N. (2004). Vesicular glutamate transporter immunoreactivity in the central and 
peripheral endings of muscle-spindle afferents. Brain Res, 1011(2), 247-251. 
doi:10.1016/j.brainres.2004.03.047 
Xie, Z., Jay, K. A., Smith, D. L., Zhang, Y., Liu, Z., Zheng, J., Blackburn, E. H. (2015). 
Early telomerase inactivation accelerates aging independently of telomere length. 
Cell, 160(5), 928-939. doi:10.1016/j.cell.2015.02.002 
Ye, J. H., & Houle, J. D. (1997). Treatment of the chronically injured spinal cord with 
neurotrophic factors can promote axonal regeneration from supraspinal neurons. 





Yedavalli, V. S., Patil, A., & Shah, P. (2018). Amyotrophic Lateral Sclerosis and its 
Mimics/Variants: A Comprehensive Review. J Clin Imaging Sci, 8, 53. 
doi:10.4103/jcis.JCIS_40_18 
Yoon, J. C., Puigserver, P., Chen, G., Donovan, J., Wu, Z., Rhee, J., Spiegelman, B. M. 
(2001). Control of hepatic gluconeogenesis through the transcriptional coactivator 
PGC-1. Nature, 413, 131. doi:10.1038/35093050 
Young, A., Stokes, M., & Crowe, M. (1985). The size and strength of the quadriceps 
muscles of old and young men. Clin Physiol, 5(2), 145-154.  
Zehr, P. E. J. E. J. o. A. P. (2002). Considerations for use of the Hoffmann reflex in 
exercise studies. European Journal of Applied Physiology, 86(6), 455-468. 
doi:10.1007/s00421-002-0577-5 
Zhang, Y., Wesolowski, M., Karakatsani, A., Witzemann, V., & Kroger, S. (2014). 
Formation of cholinergic synapse-like specializations at developing murine 








First, I would like to thank my advisor Christoph Handschin for giving me the 
opportunity, the motivational support, guidance, and the freedom to develop my own 
ideas and more importantly to see them through.  
Second, my thanks go to the collaborators of the Arber, the Doetsch and the Tan Lab. 
Without their technical support my PhD project, as it is presented here, would not have 
been possible. 
Third, I would like to thank all current and former members of the Handschin Lab. Special 
thanks go to Stefan Steurer, who has helped me immensely with the mouse work and 
image analysis, and Martin Weihrauch and Geraldine Maier for their intellectual and 
motivational support. 
Fourth, in research, things do usually not go according to plan and many experiments fail. 
In these moments of confusion and desperation, my family and friends but especially my 
life partner Corinne Schaub have seen me safely through these rough patches.  
Thank you! 
 
